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1.  Abstract 

This  report  summarizes  presentations,  discussions  and  conclusions  from  the  Workshop, 
“Microchemical  Systems  and  Their  Applications,”  held  June  16-18,  1999,  in  Reston, Virginia 
USA.  The  objectives  were  to  establish:  (i)  for  which  application  areas  microreactors  would  have 
potential,  (ii)  essential  scientific  problems  that  would  have  to  be  solved  to  realize  particular 
devices,  and  (iii)  the  time  scale  for  developing  microreactor  technologies.  The  workshop  also 
reviewed  fabrication  techniques  beyond  standard  silicon  based  MEMS  processes  and 
incorporating  metals,  polymer,  and  ceramics.  The  workshop  participants  reflected  the 
multidisciplinary  nature  of  microchemical  system  research  and  represented  government,  industry 
and  university  organizations.  The  format  consisted  of  invited  talks  reviewing  the  state-of-the-art 
in  microchemical  systems,  application  needs,  and  relevant  fabrication  issues.  These  issues  were 
further  elaborated  upon  in  a  poster  session.  The  presentations  and  posters  were  followed  by 
three  breakout  sessions  addressing  specific  objectives  of  the  workshop,  specifically  (1) 
Opportunities  for  microenergy  devices,  (2)  Challenges  and  needs  in  microfabrication  and 
materials,  and  (3)  Chemical  applications  of  microchemical  systems.  Promising  applications  of 
microreaction  technology  were  identified  along  with  needs  for  microreaction  technology 
research  and  development.  The  report  contains  of  an  executive  summary,  background 
information,  summaries  from  the  working  group,  and  copies  of  presentations  and  posters. 
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2.  Executive  Summary 

2.1  Introduction 

Microfabrication  techniques  and  scale-up  by  replication  have  fueled  spectacular  advances  in 
the  electronics  industry,  and  they  have  started  to  revolutionize  biological  research  and  drug 
discovery.  Microfabrication  offers  a  similar  potential  for  faster,  cheaper,  better  chemical  product 
research  and  development  and,  possibly,  product  production.  Microchemical  systems  have 
feature  sizes  in  the  micron  to  hundreds  of  micron  range,  and  reaction  components  are  integrated 
with  miniaturized  sensors  and  actuators.  The  reduction  in  size  and  integration  of  multiple 
functions  create  structures  with  capabilities  that  exceed  those  of  conventional  macroscopic 
systems  and  add  new  functionality. 

These  developments  build,  in  part,  on  advances  in  MicroElectroMechanical  Systems 
(MEMS)‘;  a  field  that  started  by  using  fabrication  techniques  developed  for  microelectronics  to 
construct  sensors  and  actuators,  but  now  encompasses  a  wide  range  of  materials  and 
microfabrication  methods.  MEMS  devices  are  now  found  in  a  wide  range  of  automotive, 
aircraft,  health  care,  printing,  and  optical  applications.  The  research  investment  made  in  MEMS 
has  enabled  the  fabrication  of  microchemical  reaction  systems.  Many  of  the  components  {e.g., 
valves,  pumps,  flow  sensors,  mixers,  and  separation  devices)  needed  in  integrated  chemical 
systems  have  been  demonstrated  in  a  wide  range  of  metals,  ceramics,  and  polymers.^ 
Miniaturization  of  chemical  analytic  devices  in  "micro-total-analysis-systems  (pTAS) 
represents  a  natural  extension  of  MEMS  technology  to  chemistry  and  biology  with  obvious 
application  in  combinatorial  chemistry,  high  throughput  screening,  and  portable  analjlical 
measurement  devices. 

Microfabricated  chemical  devices  have  advantages  in  terms  of  portability,  flexibility,  and 
ease  of  integration  with  sensor  and  actuators.  However,  it  is  not  yet  understood  which 
applications  would  benefit  most  from  new  micro  (or  meso)  chemical  approaches  and  to  what 
extent  such  methodologies  would  be  feasible  within  the  next  five  years.  Thus,  there  is  a  need  to 
establish  the  state-of-the-art  in  microfabricated  chemical  systems,  potential  applications, 
limitations  of  the  technology,  and  strategies  for  evolving  microchemical  systems.  . 

2.2  Workshop  Objectives 

The  objective  of  the  workshop  was  to  review  the  state-of-the-art  in  microchemical  systems, 
with  emphasis  on  microreactor  systems  for  chemical  applications  such  as  power  generation, 
portable  air  purification,  and  chemical  synthesis.  Miniaturization  of  analytical  devices,  pTAS, 
and  biological  applications,  such  as  detection  and  cell-based  systems,  offer  exciting  opportunities 


'  K.  D.  Wise,  “Special  Issue  on  Integrated  Sensors,  Microactuators,  and  Microsystems  (MEMS),  Proceedings  of  the 
/££■£  1998,  S(5, 1531-1533. 

^  W.  Ehrfeld,  V.  Hessel  and  H.  Lehr,  “Microreactors  for  chemical  synthesis  and  biotechnology-Current 
developments  and  future  applications,”  Topics  in  Current  Chemistry  (“Microsystem  Technology  in  Chemistry  and 
Life  Science”)  1998  194, 233-252,  Springer  Berlin. 

^  van  den  Berg,  A.  and  D.  J.  Harrison  ^ds.).  Micro  Total  Analysis  Systems’98,  Kluwer  Academic  Publishers, 
Dordrecht  (1998). 
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worthy  of  workshops  dedicated  specifically  to  those  topics  and  thus  were  not  included  in  the 
workshop. 

The  objectives  were  to  establish;  (i)  for  which  application  areas  microreactors  would  have 
potential,  (ii)  essential  scientific  problems  that  would  have  to  be  solved  to  realize  particular 
devices,  and  (iii)  the  time  scale  for  developing  microreactor  technologies.  An  important  aspect 
of  this  effort  was  to  identify  limits  to  the  technology  and  areas  in  which  microchemical  systems 
would  not  be  useful.  The  workshop  also  reviewed  fabrication  techniques  beyond  standard 
silicon  based  MEMS  processes  would  incorporate  metals,  polymer,  and  ceramics. 

The  workshop  participants  reflected  the  multidisciplinary  nature  of  microchemical  system 
research  and  represented  government,  industry  and  university  organizations.  In  order  to  include 
significant  developments  in  the  field  overseas,  in  particular  in  Germany,  a  few  international 
experts  were  also  invited.  The  format  consisted  of  invited  talks  reviewing  the  state-of-the-art  in 
microchemical  systems,  application  needs,  and  relevant  fabrication  issues.  These  issues  were 
further  elaborated  upon  in  a  poster  session.  The  presentations  and  posters  were  followed  by 
three  breakout  sessions  addressing  specific  objectives  of  the  workshop,  specifically: 

1.  Opportunities  for  microenergy  devices 

2.  Challenges  and  needs  in  microfabrication  and  materials 

3.  Chemical  applications  of  microchemical  systems 

2.3  Recommendations  of  the  Working  Groups 

Working  Group  1  identified  features  of  microchemical  systems  that  make  them  potentially 
highly  relevant  in  small  power  generation  devices.  Since  chemical  fuels  possess  energy  densities 
two  orders  of  magnitude  higher  than  rechargeable  batteries,  application  of  microchemical 
devices  in  fuel  processing  for  power  generation  could  result  in  much  higher  energy  densities  than 
batteries.  The  power  generation  applications  envisioned  for  microchemical  systems  are  those 
which  can  most  benefit  from  the  assumed  improvement  in  energy  density.  Examples  include 
portable  power,  remote/off-grid  power  generation,  stationary  rechargers,  camping,  robotics, 
guided  munitions,  distributed  sensing  systems,  and  backup  power.  Two  power  generadon 
approaches  were  considered;  (i)  a  fuel  reformer  combined  with  a  fuel  cell  and  (ii)  combustion, 
combined  with  thermoelectric  elements,  thermophotovoltaics,  or  thermal  cycle  engines. 

Development  of  microchemical  power  generation  systems  represents  a  departure  from 
traditional  engineering  approaches.  The  small  scales  of  the  devices  dramatically  changes  the 
heat  and  mass  transport  properties,  increases  the  importance  of  surfaces,  and  generates  a  novel 
set  of  engineering  problems  which  do  not  apply  for  conventional  scale  equipment.  Fast  heat 
transport  can  be  advantageous,  but  it  can  also  be  highly  undesirable  from  the  standpoint  of  heat 
losses.  Micro/meso  fabrication  methods  may  eventually  produce  ultra  compact  equipment 
usually  thought  of  as  peripheral,  such  as  pumps,  valves,  fans,  and  filters.  The  overall  system 
performance  (efficiency,  reliability)  will  depend  much  more  directly  on  these  micro-peripherals 
than  in  large  chemical  processing  systems.  High  processing  temperatures  also  dictate  the  use  of 
high  temperature  materials,  and  appropriate  fabrication  methods  must  be  devised  to  integrate 
these  materials.  Novel  thermal  insulating  materials  and  thermal  device  designs  must  ^  pursued. 
Micro  and  meso  fabrication  approaches  need  to  be  extended  to  enable  more  flexible  device 
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design  and  integration  of  catalysts,  adsorbents,  insulators,  and  high  temperature  materials.  The 
fuel  dictates  the  processing  needs,  and  although  diesel  fuels  are  desirable,  the  simple,  single 
chemical  fuels  offer  advantages  in  terms  of  processing  demands,  purity,  and  fouling  that  could 
make  the  difference  for  technology  feasibility. 

The  requirements  for  specific  applications  drive  the  need  to  extend  existing  techniques  for 
microfabrication  and  to  produce  microstructures  in  materials  other  than  silicon.  Applications  in 
the  area  of  microchemical  systems  that  Working  Group  2  considered,  were  devices  for  chemical 
synthesis,  systems  for  power  generation,  total  microanalysis  systems,  and  devices  for 
environmental  remediation.  Challenges  in  fabricating  these  types  of  microchemical  systems 
arise  because  of  various  practical  constraints:  the  devices  may  need  to  withstand  extremes  in 
temperature,  high  pressures,  and  harsh  chemical  conditions.  These  requirements  must  be  met 
while  components  that  perform  multiple  functions  are  integrated,  precision  in  fabrication  is 
maintained,  and  an  appropriate  packaging  solution  is  developed.  All  of  these  needs  must  be  met 
within  a  reasonable  period  of  time  and  at  a  tolerable  cost. 

Two  issues  in  the  discussion  of  the  fabrication  of  microchemical  devices  were  recurrent,  (i) 
the  design  of  systems  that  incorporate  different  materials  and  (ii)  packaging  of  microchemical 
devices.  If  it  is  going  to  be  possible  to  incorporate  different  materials  into  microchemical 
devices,  then  it  is  essential  that  methods  for  integrating  and  bonding  dissimilar  materials  be 
developed.  Currently,  lamination  of  patterned  sheets  is  the  dominant  method  for  bonding 
complex  microstructures.  While  there  is  no  general  solution  to  the  bonding  problem,  it  is  a 
critical  area  for  improvements  in  the  fabrication  of  miniaturized  devices.  The  other  issue  that  is 
relevant  to  all  systems  is  the  question  of  packaging:  should  fabrication  be  integrated  or  modular? 
The  consensus  was  that  a  modular  approach  would  be  more  flexible. 

Several  recommendations  were  made  for  the  development  of  an  infrastructure  that  would 
facilitate  the  accessibility  of  the  technology  for  producing  microfluidic/microchemical  systems; 
in  particular,  a  foundry  for  microfabricate  devices,  standardization  of  both  fluidic  and  electrical 
interfaces,  and  the  creation  of  design  rules  for  devices.  A  database  of  materials  properties  also 
should  be  established. 

The  third  Working  Group  assessed  chemical  applications  of  microreaction  technology. 
Specific  opportunities  were  discussed  along  with  research  needs  and  barriers  to  implementation. 
The  integration  of  sensors  (flow,  pressure,  temperature  and  chemical  species)  and  actuators 
(heaters  and  valves)  with  reaction  channels  was  deemed  desirable,  but  not  necessary,  for  a  device 
to  be  a  microchemical  system.  Microreaction  technology  should  not  be  viewed  as  a  means  for 
miniaturization  of  existing  processes,  but  rather  for  realizing  new  processes  under  more 
aggressive,  better  contacting  conditions,  where  reaction  rates  and  product  yields  are  higher  than 
in  standard  reaction  equipment.  The  group  identified  a  number  of  additional  applications  for 
different  chemical  industry  segments: 

•  Fuels  and  energy 

•  Laboratory  and  pilot  plant  instrumentation 

•  Biochemical  processing 

•  Pharmaceutical  and  fine  chemical  production 

•  Sustainable  development  -  environmental  friendly  production. 
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•  Personal  care  and  cosmetic  products 

•  Devices  for  medical  diagnostics 

Advances  in  microreaction  technology  will  require  multidisciplinary  research  approaches. 
Research  must  be  done  in  relevant  areas  of  transport  phenomena,  chemistry,  materials,  and 
fabrication  technology  to  realize  the  promise  of  microreaction  technology.  Description  of 
microchemical  device  performance  must  be  based  upon  a  systems  approach  that  integrates 
chemical,  transport,  mechanical,  and  electrical  components  along  with  an  economic  analysis. 
Models  must  also  reflect  the  multiple  length  and  time  scales  involved  in  microreaction 
technology.  It  will  also  be  essential  to  understand  process  transients  and  to  integrate  process 
control  in  the  early  stages  of  microreactor  design  considerations.  The  packaging  of  multiple 
reactors  presents  significant  challenges  in  fluid  handling,  local  reactor  monitoring  and  control 
not  previously  addressed  in  traditional  design  of  chemical  plants.  Answering  the  question: 
“when  is  smaller  better?”  should  be  central  to  the  development  of  any  microreactor  system. 

Industrial  acceptance  of  microreaction  technology  will  ultimately  depend  on  (i)  demonstrated 
applications  examples,  (ii)  exposure  of  the  technology  to  decision  makers,  (iii)  the  availability  of 
packaged  devices  easily  integrated  into  chemical  laboratories,  (iv)  development  of  fabrication 
infrastructure  (foundries  and  engineering)),  and  (v)  development  of  standards  for  integration  and 
fabrication.  Research  and  development  of  microreaction  technology  will  be  enhanced  by 
educational  initiatives;  specifically  interdisciplinary  courses,  training  of  process  personnel,  and 
development  of  reviews  and  texts  on  all  aspects  of  microchemical  reaction  technology. 
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10:00am  -  10:30am 

Break 

Plenary  Session:  Chemical  and  Fuel  Processing  (continued) 

Moderator;  Dick  Paur,  ARO 

10:30am- 11:10  am 

Catalytic  Partial  Oxidation  at 
Millisecond  Times 

Lanny  Schmidt 

University  of  Minnesota 

11:10am-  11:50  am 

Combustors  for  Micro  Heat  Engines 

Ian  Waitz,  MIT 

11:50am-  12:30  am 

Man-portable  Microtechnology  Based 
Absorption  Heat  Pump. 

Michele  Friedrich 

Pacific  Northwest  National 
Laboratory 

12;30pm-  1:30pm; 

Lunch 
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3.3  Plenary  Session:  Materials  and  Microfabrication 
Moderator:  James  F.  Ryley,  DuPont 


1:30pm-  2:20  pm 
2:20pm  -  3:00  pm 


Microfabrication  and  Microfluidics  George  Whitesides,  Harvard 

Using  Polymers  and  Rapid  Prototyping  University 

Novel  MEMS  fabrication  approaches  Martin  A.  Schmidt 
(tentative  title)  MIT 


3:00pm  -  3:40  pm 


Microfluidic  Systems  Fabricated  in  Haim  H.  Bau 

Low  Temperature  Co-fired  Ceramic  University  of  Pennsylvania 

Tapes 


3:30pm  -  6:00pm:  Coffee  Break,  Poster  Session,  and  Informal  Discussions 
6:00pm  -  7:00pm:  Initial  Meeting  of  Working  Groups: 

I:  Opportunities  for  Microenergy  Devices,  Moderator:  Robert  Wegeng,  PNNL 

II:  Challenges  and  Needs  in  Microfabrication  and  Materials,  Moderator:  Martin  Schrnidt,  MIT 

III:  Chemical  Applications  of  Microchemical  Systems,  Moderator:  Klavs  Jensen,  MIT 


7:00pm  -  8:30  pm:  Dinner,  Ballrooms  B&C 

Speaker:  Lawrence  H.  Dubois,  DARPA/DSO  "Mesoscopic  Machines  - 
There  is  plenty  of  room  in  the  middle!" 


Friday  June  18 

3.4  Working  Groups 
8:00am  -  12:30pm: 

I:  Opportunities  for  Microenergy  Devices,  Moderator:  Robert  Wegeng,  PNNL 
II:  Challenges  and  Needs  in  Microfabrication  and  Mareria/^,  Moderator:  Martin  Schmidt,  MIT 
ITT:  Chemical  Applications  of  Microchemical  Systems,  Moderator:  Klavs  Jensen,  MIT 
12:30pm  -  2:00pm:  Lunch 
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2:00pm  -  3:30pm:  Plenary  session  -  Summaries 
3:30pm:  Adjourn 


3.5  Poster  Session 

Presenter 

Title 

Jeffrey  G.  Killian 

Johns  Hopkins  University 

Developing  Conducting  Polymers  for  Charge  Storage 
Applications 

Brian  K.  Paul 

Oregon  State  University 

Microlamination  for  Microtechnology-Based  Energy  and 
Chemical  Systems 

Xiang  Zhang 

Pennsylvania  State  University 

Microfabrication  of  Truly  3D  Complex  Microstructures 
with  Materials  Beyond  1C  Processes 

L.  James  Lee 

Ohio  State  University 

Fabrication  Techniques  for  Polymer  Based  Microfluidic 
Devices 

Debra  R.  Rolison 

Naval  Research  Laboratory 

Using  Nanoscale  Mesoporous  Architectures  to  Design 
Integrated  Fuel  Cell  Catalysts  or  Pave  High  Surface 

Areas  with  Nanowires 

John  N.  Harb,  Brigham  Young 
University 

Microbatteries  for  Use  with  MEMS  Devices 

Mark  R.  Holl 

University  of  Washington 

A  Microfluidic  Sample  Preconditioning  System  for  CBW 
Agent  Detection  and  Quantification 

Nitish  V.  Thakor 

Johns  Hopkins  University 

Anil  R.  Oroskar 

UOP 

VLSI  Electrochemical  Sense  Array  for  Chem/Bio/Neuro 

Process  Intensification  Needs  in  Petroleum  & 
Petrochemical  Industry 

Eduardo  E.  Wolf 

University  of  Notre  Dame 

Microfabricated  Bimetallic  Catalysts  for  the 
Hydrogenation  of  Croton  Aldehyde 
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Goran  Jovanovic 
Oregon  State  University 
Rebecca  Jackman,  MIT 


Aleks  Franz,  MIT 


A  Microtechnology  Based  Chemical  Reactor  System  for 
Catalytic  Dechlorination  of  Chlorinated  Solvents 
Liquid  Phase  and  Multi  Phase  Microreactors  for 
Chemical  Synthesis 

High  Temperature  Gas  Phase  Catalytic  and  Membrane 
Reactors 


Patrick  L.  Mills 

DuPont  Central  Research  & 

Development 


Microfabricated  Gas-Phase  Reactor:  Scale-Up  & 
Packaging 


Louis  C.  Chow  Mesoscale  Refrigerator 

University  of  Central  Florida 


Haim  Bau  Microfluidic  Components  and  Systems  Fabricated  in 

University  of  Pennsylvania  Low  Temperature  Co-fired  Ceramics  Tapes 


Anantha  Krishnan 


Computational  Design  Tools  for  Micro-Chemical 
Systems 


4.  Summaryof  Oral  Presentations 

Provided  by  Dr.  Patrick  L.  Mills,  DuPont,  Research  and  Development,  Experimental  Station 
4.1  Conference  start 

Professor  Klavs  Jensen  gave  the  welcome  address  from  MIT  with  other  remarks  given  by 
Peter  Fedkiw  from  NC  State  University/Army  Research  Office  (ARO).  The  meeting  was 
sponsored  by  the  ARO  and  the  Defense  Advanced  Research  Project  Agency  (DARPA).  The 
other  members  of  the  organizing  committee  were  Robert  Nowak  (DARPA)  and  Dick  Paur 
(ARO).  Robert  Nowak  mentioned  that  one  big  program  is  in  development  of  fuel  cells  as 
replacements  for  batteries  that  are  typically  carried  by  the  foot  soldier  in  the  Army.  Another 
obvious  problem  is  the  use  of  hydrogen  in  current  fuel  cell  technology.  He  showed  a  schematic 
of  a  microcombustor/heat  exchanger  that  would  take  a  logistics  fuel  and  convert  it  to  hydrogen 
or  clean  fuel.  He  also  mentioned  the  meso-machines  program  that  is  being  sponsored  by 
DARPA. 

Professor  Jensen  next  reviewed  the  workshop  objectives,  which  include  a  review  of  the  state- 
of-the-art  in  microchemical  systems  for  chemical  and  analysis  systems.  He  also  summarized 
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typical  applications  in  MEMS  (Micro  Electro  Mechanical  Systems),  with  rapid  growth  is  being 
experienced  in  biology  and  pharmaceuticals.  He  also  mentioned  the  Laboratory  on  a  Chip  work 
of  Burns  et  al.  (Science,  282,  404  (1998))  and  Jed  Harrison  from  Alberta.  The  motivation  for 
using  microchemical  systems  was  also  described  along  with  various  energy  generation  devices 
developed  at  PNNL. 


4.2  Plenary  Session:  Microchemical  Systems  and  Applications 

4.2. 1 .  “Microreactor  Components  and  Systems  -Basic  Properties.  Fabrication  Methods  and 
Conunercial  Applications.” 

Wolfgang  Ehrfeld,  IMM,  Mainz,  Germany 

This  talk  covered  applications,  commercialization  and  recent  developments  in  microreactors. 
Their  fundamental  properties  include  their  physical  size  and  number  of  units.  The  applications 
are  in  process  development  and  in  production,  which  allows  distributed  production  and  reduces 
safety  hazards.  A  recent  application  includes  liquid-liquid  and  gas-liquid  mixing  where  small 
droplets  can  be  generated.  The  size  is  controlled  by  flow  rate  ratios  (see  I&EC  Res.,  1075 
(1999)).  The  development  of  a  heat  exchanger  with  counter-current  flow  (see  Ullman’s 
Encyclopedia,  Microreactors,  1999).  The  R&D  of  a  liquid  reactor  showing  the  step-up  response 
was  also  illustrated. 

A  review  of  microfabrication  processes  was  given  next,  that  included  more  than  10  steps. 
The  use  of  lithography  to  develop  3-D  structures  was  shown  based  on  the  LIGA  technique.  The 
use  of  layered  structures  was  shown,  which  are  commercially  available.  The  design  of  a  96- 
channel  electrophoresis  chip  was  described.  Recent  microreactor  developments  were  reviewed 
next.  The  design  of  micromixing  devices  made  from  a  wide  range  of  technologies  was  also 
shown.  An  example  of  an  annular  mixture  device  was  described,  including  a  flow  simulation  of 
a  high  throughput  mixer.  Applications  in  cosmetics,  pharmacy,  and  other  areas  were  mentioned. 
The  final  discussion  was  on  modular  systems  for  lab  automation  and  an  example  of  their  use  in 
multiphase  reactors.  Examples  of  falling  film  reactors,  micro  bubble  columns,  and  other  systems 
along  with  the  synthesis  of  propenoxide  and  anisaldehyde  were  mentioned.  Final  comments 
were  on  scale-up  of  chemical  reactors. 


4.2.2.  “Integrated  Reaction.  Separation,  and  Detection  Systems  for  Biochemical  Analysis,!! 
Professor  Mark  Burns,  University  of  Michigan,  Department  of  Chemical  Engineering 

Professor  Burns  compared  the  traditional  versus  integrated  systems  approach  to  DNA 
synthesis.  The  motivation  for  this  work  is  for  the  human  genome  project,  which  requires  new 
developments  before  it  can  be  achieved.  Miniaturization  and  integration  techniques  were 
reviewed  and  discussed.  The  requirements  for  making  integrated  devices  were  described,  which 
included  compatibility  and  simplicity.  A  discussion  of  microfluidics  and  key  aspects  of  reaction 
systems  was  given,  along  with  separation  systems.  An  integrated  DNA  analyzer  was  illustrated, 
which  combined  sample  loading,  drop  metering,  thermal  reaction,  gel  loading,  and  analyte 
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detection.  It  uses  100  nl  drops  with  control  within  ±0.rC.  Construction  is  based  on 
photolithography,  which  was  supported  by  a  number  of  photographs.  The  remaining  discussion 
was  on  development  of  the  integrated  device,  which  included  reagent  metering  by  modulated 
input  of  gas  into  a  flowing  liquid  stream  with  hydrophobic/hydrophillic  sections  to  control 
wettability.  To  create  pressure,  a  small  chamber  containing  gas  was  heated  as  a  means  of 
splitting  liquid  into  droplets.  The  use  of  temperature  and  surface  tension  to  create  drop 
movement  was  described.  Key  aspects  of  temperature  control  and  ability  to  control  and  monitor 
this  variable  were  summarized.  The  methods  for  separation  and  detection  of  the  DNA  were  quite 
interesting,  which  included  the  use  of  fluorescence.  Typical  data  obtained  from  tuberculosis 
DNA,  which  involve  integration  of  the  above  operations,  was  shown  as  a  demonstration  of  the 
technology.  The  final  part  reviewed  the  various  types  of  materials  that  were  being  investigated 
for  the  various  operations. 


4.2.3.  “Recent  Results  of  Chemical  Syntheses  on  a  Microfluidic  Chip,” 

Rolf  Swenson,  Orchid  Technologies 

This  presentation  was  concerned  with  the  use  of  massive  parallel  arrays  for  acceleration  of 
drug  discovery.  The  motivation  included  decreased  cost,  higher  throughput,  increased  analytical 
sensitivities,  and  seamless  integration.  Detection  is  performed  by  LC/MS  for  precise 
identification.  The  platform  technology  uses  parallel  processes  via  multilayer  structures  and 
precision  micrOfluidics  so  they  can  deliver  nanoliter  quantities.  Fluid  delivery  is  done  by  a 
capillary  break  mechanism.  This  is  more  repeatable  than  a  serial  type  system  for  dispensing. 
Use  of  a  vaeuum  to  clean  the  dispensing  well  was  shown.  Heating  and  cooling  between  25°C  to 
100°C  was  also  described.  The  wells  were  1.5  mm  x  1.5  mm  x  0.3  mm  with  a  volume  of  650  nl 
with  200  fim  particles.  A  3-D  sketch  of  a  microfluidics  chip  showing  the  plate  and  layer  design 
for  control  of  venting,  pressurizing,  filling,  and  other  operations  was  given. 

Orchid’s  current  chips  contain  either  96  wells,  384  wells,  or  1536  wells.  To  automate  the 
liquid  titration,  a  conventional  robotic  system  was  used.  The  demonstrated  reactions  include 
solid  phase  and  solution  phase  chemistries.  The  limitations  include  using  systems  with  solids, 
operation  at  high  pressure,  and  use  of  corrosive  fluids.  A  method  for  testing  for  contamination 
and  assessing  the  quality  of  titration  and  other  operations  showed  that  it  was  quite  reliable.  They 
have  also  studied  performing  LC/MS  analysis  on  the  order  of  seconds  versus  minutes.  An 
analytical  collaboration  has  been  developed  with  Advanced  Bioanal34ical  Systems  in  Ithaca,  NY. 
The  electrospray  is  created  at  100  nl/min  of  flow  through  a  20  |xm  hole  in  a  chip. 


4.2.4.  “Gas  Pha.se  Chemical  Detection  with  an  Integrated  Chemical  Analysis  System,” 

Steve  Casalnuovo,  Sandia  National  Labs 

The  idea  here  was  to  summarize  methods  for  performing  gas  phase  chemical  analysis  in  a 
portable  unit.  It  is  battery  powered  and  can  be  used  for  both  gases  and  liquids.  The  box  has  a 
charaeteristic  dimension  of  9  inches.  The  driver  for  this  unit  originates  from  national  security 
issues,  e.g.,  mine  detection,  counter-terrorism,  etc.,  although  other  applications  were  envisioned. 
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A  schematic  design  of  the  system  was  shown,  which  included  the  typical  elements  of  a  GC.  The 
system  contains  a  concentrator  that  increases  the  sample  concentration  and  is  a  miniature  hot 
plate  based  on  a  Si3N4  membrane.  The  heating  rate  is  rapid,  e.g.,  20  200"C  in  10  ms  using  45 

mW  over  a  2.2  mm^  plate.  The  pulse  widths  are  about  200  ms.  Tailored  sol-gel  materials  are 
used  for  high  uptake  and  selectivity.  They  are  tailored  for  each  application,  e.g.,  detection  of 
nerve  gas,  solvents,  and  other  chemicals. 

The  GC  column  is  based  on  etching  deep  spiral  channels  into  silicon  in  which  the  stationary 
phase  is  coated  into  the  thermally  oxidized  wells.  The  channels  are  80  |J,m  wide  by  240  fim 
deep.  A  chromatogram  on  a  40  |im  x  250  p-m  x  1  m  column  at  40°C  was  shown  with  elution 
times  between  10  to  20  seconds.  Detection  is  accomplished  using  an  array  of  surface  acoustic 
wave  (SAW)  chemical  sensors  that  operate  between  100  MHz  to  1  GHz.  The  device  is 
fabricated  on  a  quartz  substrate  with  wiring  traces  produced  using  photolithography.  It  was 
shown  that  the  SAW  array  responds  differently  to  particular  compounds.  Aspects  that  were  not 
discussed  included  packaging,  liquid-phase  chemical  detection,  and  pattern  recognition 
algorithm  for  data  analysis.  Future  efforts  will  focus  on  temperature  programming  the  column 
and  development  of  higher  frequency  GaAs  surface  acoustic  wave  sensors.  It  was  speculated 
that  the  preloaded  concentrators  may  serve  as  a  thermally  activated  reagent  source,  and  the 
concentrator  cavity  may  serve  as  a  reaction  chamber  with  thermal  sensor  as  a  membrane. 


4.3  Plenary  Session  —  Chemical  and  Fuel  Processing 

4.3.1.  “Microchemical  System  Applications  -  DuPont  Experience,” 

James  F.  Ryley,  DuPont  Central  R&D 

Dr.  Ryley  gave  an  overview  of  research  performed  at  DuPont  in  minichemical  systems  over 
the  past  10  years.  The  initial  section  summarized  the  drivers  for  using  microreactors  and  the 
collaborations  that  occurred  between  DuPont  and  MIT.  Candidate  reactions  in  the  early  work 
were  mainly  concerned  with  manufacture  of  hazardous  chemicals  at  small  (<  1  x  10  Ibs/yr) 
production  rates.  The  gas  phase  reaction  of  butyl  isocyanate  was  one  of  the  first  applications 
conducted  in  a  laminated  structure  with  mixing,  heat  exchange,  reaction,  etc.  This  was  followed 
by  methyl  isocyanate  by  oxidation  of  methyl  formamide  over  silver  at  T  =  500  -  650°C,  which  is 
normally  practiced  in  two  stages.  A  staged  microreactor  design  was  developed  that  incorporated 
staged  oxygen  injection  and  heat  exchange.  The  use  of  microreactors  for  manufacture  of  HCN 
and  TFE  was  also  mentioned,  particularly  the  Andrussow  and  Degussa  processes.  The  use  of 
ceramics  in  lieu  of  silicon,  since  silicon  can  form  metal  silicydes,  was  mentioned. 

Another  interesting  example  was  the  solventless  spinning  of  Lycra®,  which  has  issues  of 
liquid-liquid  mixing,  high-pressure  operation,  and  fast  reactions.  The  design  of  a  spinnerette 
head  for  in  situ  reaction  and  fiber  spinning  was  illustrated.  All  of  the  above  work  was  performed 
up  to  ca.  1994. 

The  next  section  reviewed  the  MIT-DuPont  program  as  part  of  the  DARPA  Microflumes 
program  effort.  The  tasks  included  reactor  development,  modeling,  process  control  and 
packaging.  An  overview  of  the  detailed  micro  reactor  modeling,  selected  applications,  e.g.. 
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ammonia  oxidation  and  methane  oxidation,  and  key  aspects  of  packaging  using  a  TI  DieMate® 
socket  was  given.  The  final  part  described  key  aspects  of  the  process  control  and 
instrumentation  for  this  project,  included  cold-flow  testing  and  use  of  LabView®  as  the  data 
acquisition  and  control  system. 


4.3.2.  “Hydrocarbon  Fuel  Processors  -  Development  Issues  in  Fuel  Cell  Vehicle  Applications,” 
Richard  Bellows,  Exxon  Research  &  Engineering 

This  presentation  first  gave  an  overview  of  proton  exchange  membrane  (PEM)  fuel  cells  that 
use  hydrogen  to  produce  power.  Various  fuel  options  were  summarized  that  included  the 
technology  requirements,  economics,  environmental  impact,  infrastructure,  and  distribution. 
Key  aspects  of  vehicle  hydrogen  production  via  fuel  reforming  were  summarized.  These 
included  use  of  hydrocarbons  or  alcohols  as  chemical  H2  carriers  (e.g.,  CgHig  +  4  O2  +  8  H2O  = 
17  H2  +  8  CO2  and  CH3OH  +  H2O  =  3  H2  +  CO2  (steam  reforming  or  SR).  The  advantages  of 
liquid  fuels  and  challenges  were  summarized. 

Most  work  at  Exxon  has  been  on  the  conversion  of  gasoline.  The  key  chemistry  used 
POX/SR  followed  by  water-gas  shift. 

POX:  C8Hi8  +  4  02  =  8  CO  +  9H2(+heat) 

SR:  CsHjg  +  8  H2O  +  heat  =  8  CO  +  17  H2 

WGS:  CO  +  H2O  =  CO2  +  H2  +  heat 

Key  concerns  include  effect  of  impurities  that  cause  problems  for  the  reformer,  soot 
formation  at  high  temperatures,  and  heat  integration.  The  fuel  train  strategy  was  reviewed  for 
each  of  the  above  steps  with  a  focus  in  advantages  and  disadvantages. 

Equilibrium  calculations  were  used  to  illustrate  soot  formation.  The  basis  used  was  H/C  = 
1.8,  O/C  =  1.05,  and  p  =  3  atm.  Species  shown  were  CO2,  H2O,  CHU,  CO,  H2  and  C(s)  over  100- 
1200°C.  Carbon  deposition  limits  were  illustrated  vs.  water  addition  using  O/C  =  0.75  1.1 

and  H2O/C  from  0  ->  1.4.  It  was  shown  that  carbon  deposition  depends  on  the  C/H/O  ratios  and 
temperature  by  using  a  ternary  diagram. 

Discussion  on  the  water-gas  shift  reaction  suggested  that  key  issues  include  the 
volume/weight  of  the  catalyst  and  time  required  to  achieve  startup.  More  active  catalysts  are 
required.  The  PROX  selectivity  was  shown  to  decrease  at  high  conversion  (see  /.  Catalysis,  170 
(1),  1997).  A  CO  concentration  of  less  than  5  ppm  is  needed.  The  overall  system  efficiency  for 
an  iso-octane  POX  reformer  train  was  evaluated  for  an  ideal  vs.  practical  case.  The  ideal  system 
had  an  overall  efficiency  of  47%,  while  the  practical  one  had  an  overall  efficiency  of  35.8%. 
The  assumptions  used  for  the  latter  were  ricH4  =  96%  (POX),  Tjco  =  97.3%  (WGS),  tiprox  = 
97.3%  (PROX),  ribieed  =  97.7%  (O2  bleed),  and  riHiutn.  =  85%  (PEFC). 

Part  n  of  the  talk  reviewed  hydrocarbon  processor  development  issues.  Issues  on  logistic 
fuels  included  the  higher  boiling  range  of  diesel  fuels  (150  —  370  vs.  40  —  200°C),  lower  H/C 
ratios  (1.6  vs.  1.8),  effect  of  higher  sulfur  levels  (500  -  2000  vs.  0-50  ppm),  and  impact  of 
aqueous  impurities,  such  as  NaCl,  carbonates,  and  sulfates.  In  conclusion,  a  hydrocarbon 
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processor  must  compete  with  existing  technologies  from  the  perspective  of  operability,  life  and 
cost.  Also,  logistic  fuels  are  more  difficult  to  process  versus  gasoline. 


4.3.3.  “Fuel  Processing  in  MicroChannel  Reactors,” 

Anna-Lee  Tonkovich,  Pacific  Northwest  National  Laboratory 

Funding  for  this  work  is  from  DARPA  and  the  DOE-EE  Office  of  Transportation 
Technology.  Key  players  include  Bob  Wegeng  and  Michelle  Friedlich.  The  opening  slides 
summarized  the  key  sizes  of  microsystem  components  and  comparisons  between  conventional 
process  hardware.  The  focus  here  was  on  fuel  processors  for  automotive  power.  The  drivers  for 
the  latter  include  efficiency  (50%  vs.  20%  for  an  IC  engine),  size,  cost,  and  environmental  (58% 
reduction  in  CO2).  he  issues  in  development  of  a  portable  power  source  were  described. 
Diesel  has  the  greatest  energy  potential  followed  by  hydrogen  storage  using  metal  hydrides. 
Patents  that  teach  laminate  sheet  were  quickly  summarized,  which  were  issued  in  1997  and  1998. 

The  block  diagram  for  a  fuel  processor  system  was  shown.  Key  components  included  a 
vaporizer  and  water-gas  shift  reactor,  power  generator,  and  CO  clean-up  system.  Each 
component  was  reviewed  in  detail.  The  pros  and  cons  of  partial  oxidation,  autothermal 
reforming,  and  steam  reforming  were  listed.  The  latter  was  touted  as  the  preferred  approach  over 
the  others.  The  key  reactions  are 

Cg  Hi8  +  8  H2O  =  8  CO  +  17  H2  (1345  kJ/mole) 

CO  +  H2O  =  CO2  +  H2  (some  high  T  shift). 

A  proprietary  catalyst  was  claimed  to  give  >  90%  conversion  and  >  90%  selectivity  to  hydrogen 
at  650°C  and  3-10  ms  of  contact  time.  This  was  incorporated  into  a  1  cu.in.  reactor  with  a 
vaporizer  and  other  components.  Some  time-on-stream  data  showed  up  to  40  hours  of  running 
operation  with  negligible  deactivation. 

Data  on  the  water-gas  shift  reactor  at  300°C,  a  H20:CO  of  3:1,  with  5%  CO  in  the  feed  were 
shown.  Equilibrium  conversion  was  ca.  99%.  A  detailed  design  for  a  gasoline  vaporizer  was 
also  shown.  Its  size  was  3  in.  x  4  in.  x  5  in.  It  could  handle  1400  SLPM  with  a  AP  <  2  psi.  The 
design  of  a  portable  power  system  with  10  W-hr  output  was  shown  whose  size  was  on  the  order 
of  a  coin. 


4.3.4.  “Catalytic  Partial  Oxidation  at  Millisecond  Times,” 

Lanny  D.  Schmidt,  University  of  Minnesota 

Professor  Schmidt  views  10,000  microreactors  in  parallel  as  a  system  that  is  analogous  to  a 
monolith.  Applications  covered  include  methane  to  syngas,  ethane  to  ethylene,  and  other 
hydrocarbons  to  oxygenates.  Porous  foam,  monoliths,  or  gauzes  containing  Pt,  Pd,  and  Rh  are 
used  as  catalysts.  Materials  include  a-ALOs  foam,  etched  nickel,  fibermat,  and  related 
materials.  The  reactors  typically  operate  at  900-1200°C  using  a  contact  time  of  less  than  5  ms  in 
a  fuel-rich  mode. 
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In  methane  oxidation,  the  potential  reactions  are 


CH4  +  V2  O2  -»  CO  +  2  H2  (desired)  ( 1 ) 

+  2  O2  CO2  +  2  H2O  (undesired)  (2) 

-4  C(s)  +  2  H2  (undesired)  (3) 

CH4  +  H2O  ^  CO  +  3  H2  (4) 


Results  were  shown  using  45  ppi  Rh  monolith  catalyst,  CH4/O2  =  2.0,  To  =  25°C,  and  T  =  5  ms 
(from  Dietz,  1995)  at  pressures  between  1  to  30  atm.  He  showed  that  a  linear  scaling  assumption 
would  produce  500  tons/day  for  a  1.5  foot  diameter  unit. 

For  ethane  oxidation,  the  key  reactions  include 

C2H6  +  O2  2  CO  +  3  H2  (undesired) 

C2H6  +  V2  O2  ^  C2H4  +  H2O  (desired) 

plus  other  reactions.  Data  was  given  using  Pt/Al203,  and  showed  65%  C2H4  selectivity  and  60% 
C2H6  conversion,  which  is  less  than  a  conventional  thermal  processes.  By  adding  H2,  selectivity 
was  improved  to  ca.  85-90%  at  a  H2/O2  of  3:1.  The  role  of  homogeneous  and  heterogeneous 
oxidation  was  compared  using  detailed  computer  simulations  to  assess  the  impact  of  pyrolysis 
chemistry. 

Discussion  next  shifted  to  cyclohexane  oxidation  using  90%  Pt  -  10%  Rh  on  a  40  mesh 
gauze.  The  dominate  olefin  is  cyclohexene,  while  the  dominant  oxygenate  is  1-hexen-al.  The 
design  and  use  of  a  heat  exchange  reactor  where  catalyst  is  deposited  so  endothermic  and 
exothermic  reactions  can  be  operated  efficiently  was  also  described. 


4.3.5.  “Combustors  for  Micro  Heat  Engines,” 

Ian  A.  Waitz,  Department  of  Aeronautics,  MIT 

Professor  Waitz  gave  an  overview  of  the  MIT  microengine  project.  Applications  occur  in 
various  power  generation  devices,  such  as  turbines.  The  idea  is  to  shrink  a  macro  turbine  down 
to  a  tiny  version  having  a  power  output  of  ca.  50  watts  and  a  small  number  of  mechanical 
components.  Applications  are  in  portable  power  systems  and  micro  air  vehicles  where  the  latter 
have  an  overall  length  on  the  order  of  10  to  12  cm.  The  physical  requirements  include  high  peak 
cycle  temperatures  (1200  —  1700  K),  high  peripheral  speeds  (400  —  600  m/s),  low  friction 
bearings,  and  reasonable  component  efficiencies. 

An  overview  of  the  micro-engine  fabrication  process  was  explained  using  a  cross-seetional 
view  of  the  device.  The  combustion  chamber  uses  the  greatest  volume,  while  the  journal  bearing 
is  the  most  critical  component.  Micro  bearings  have  been  operated  to  500,000+  RPM.  Heat 
transfer  effects  are  the  most  severe  transport  limitation.  Power  density  calculations  show  that  a 
heating  rate  for  a  micro  system  is  ca.  3  x  10^  MW/m^-atm  which  ca.  Va  of  commercial  systems. 
Residence  times  in  the  burner  are  about  1  x  10'^  ms.  These  put  severe  limits  on  materials  and 
heat  transfer  requirements. 
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The  hydrocarbon  flammability  limits  translate  into  use  of  a  two-zone  process  for  many 
applications.  Other  key  factors  are  that  viscous  effects  are  more  important,  some  materials  are 
stronger  than  others,  and  effective  diagnostics  for  troubleshooting  do  not  exist  when  compared  to 
large  combusters.  Simulation  of  the  transport  using  existing  CFD  codes  is  also  quite  difficult. 
The  final  discussion  summarized  key  challenges  in  modeling  and  development  of  the 
hydrocarbon  combustion  zone.  Power  density  and  pressure  drop  become  limiting.  Key  issues 
and  needs  include  high  temperature  materials  fabrication,  diagnostic  devices  that  can  be  used 
with  micro  devices,  fuel  delivery/throttling/vaporization  systems,  thermal  management,  and 
catalytic/  hydrocarbon  modeling  and  simulation.  The  importance  of  multi-disciplinary  teamwork 
was  also  mentioned  as  being  critical  to  program  success. 


4.3.6.  “Manportable  Microtechnologv  Based  Absorption  Heat  Pump,” 

Michele  Friedrich,  Pacific  Northwest  Batelle  Laboratory 

Research  was  described  on  the  development  was  described  on  single-effect  absorption  heat 
pumps  using  micro-technology  with  heat  flux  of  100  W/cm^  that  are  hand-held.  The  absorber 
film  thickness  was  on  the  order  of  50-150  |J,m.  The  evaporator  has  an  overall  heat  transfer 
coefficient  U  =  3600  -  7400  W/m^-K  (200-420%  of  conventional),  while  the  absorber  U’s  are 
similar  in  their  characteristics.  Applications  are  in  man-portable  climate  control  suits,  vehicles, 
food  storage,  and  other  related  systems. 

A  prototype  man-portable  single-effect  LiBr  unit  has  been  developed  that  can  produce  350  W 
of  cooling  using  rechargeable  batteries  for  powering  the  fans.  It  has  a  weight  of  5.1  kg  and  can 
operate  for  10  to  12  hours. 


4.4  Plenary  Session  -  Materials  and  Microfabrication 

4.4. 1 .  “Microfabrication  and  Microfluidics  Using  Polymers  and  Rapid  Prototyping,” 

George  M.  Whitesides,  Harvard  University 

The  idea  behind  this  approach  is  to  create  a  CAD  file  of  the  prototype  mask  that  is  printed 
using  a  3300  dpi  laser  image  print,  which  can  resolve  20  pm  lines.  This  is  then  used  to  create  a 
photolithographic  mask.  Replica  molding  is  also  possible  using  polymer  molds.  The  edge 
resolution  is  about  100  nm  roughness.  By  using  a  microfiche  photo  mask,  rapid  prototyping  is 
also  possible.  These  techniques  have  been  used  in  capillary  electrophonesis  with  a  microscope 
as  a  detector. 

Example  applications  in  microwave  guides  and  microfluidic  diffraction  gratings  were 
illustrated.  Fabrication  of  microfluidic  channels  around  capillaries  to  form  a  helix  was  illustrated 
with  a  characteristic  dimension  of  2  mm.  Another  application  was  the  development  of  a 
microfluidic  pump.  Another  approach  for  making  a  carbon  fiber  structure  was  to  first  make  a 
polymer  mold  of  carbon-filled  fibers.  It  was  then  burned  out  which  left  the  desired  structure 
behind. 


18 


The  discussion  next  turned  to  fabrication  of  microfluidic  channels  with  knots  to  form  3-D 
structures.  A  method  for  selectively  filling  wells  in  an  array  based  on  discontinuous  wetting  was 
described.  He  showed  how  to  fill  the  holes  selectively,  and  also  how  to  use  laminar  flow  in  a 
capillary  to  fabricate  electrochemical  detectors  . 

4.4.2.  “Novel  MEMS  fabrication  approaches.” 

Martin  A.  Schmidt,  Dept,  of  Electrical  Engineering,  MIT 

Professor  Marty  Schmidt  from  MIT  spoke  on  the  benefits  and  disadvantages  of  silicon 
micromachining.  Opening  comments  were  aimed  at  pointing  out  difficulties  with  using  silicon, 
such  as  access  to  the  technology,  manufacturing  favors  high  wafer  volumes,  it  is  fundamentally 
open-loop  manufacturing,  the  IC  industry  protocols  are  cumbersome,  and  costs  are  high.  Despite 
these,  silicon  has  benefits  due  to  its  properties,  existing  knowledge  about  it  is  abundant,  and 
owing  to  its  high  reliability. 

He  next  gave  an  overview  of  the  deep  reactive  ion  etch  process  (DRIE)  and  related  material 
properties.  Etching  parameters  are  many,  including  SFe  flow  rate,  electrode  power,  active  cycle 
duration  cycle  overlap  and  cycle  power.  Similar  variables  affect  the  passivating  cycle  using 
C4F8.  Application  of  the  technology  in  etching  1  Dm  wide  trenches  for  the  micro-turbine 
program  were  outlined. 

Professor  Schmidt  also  described  a  device  for  aligned  wafer  bonding.  He  then  described 
applications  in  liquid-phase  microreactors,  micromolding,  and  the  micro-turbine  project.  In  the 
MIT  engine  program,  a  turbine  rotor  having  a  4  mm  diameter  was  fabricated  and  tested  using  a 
special  purpose  microbearing  rig.  To  release  the  rotor  after  fabrication,  an  8W  argon  ion  laser  is 
used  as  a  part  trimmer.  He  mentioned  that  key  technology  lessons  learned  are  associated  with 
DRIE  plus  wafer  bonding  and  DRIE  manufacturing  techniques. 


4.4.3.  Microfluidic  Systems  Fabricated  in  Low  Temperature  Co-fired  Ceramic  Tapes 
Haim  H.  Bau,  University  of  Pennsylvania 

This  presentation  described  the  use  of  ceramic  tapes  to  create  mesocopic.  Devices  are  made 
by  machining  each  layer  to  form  the  desired  patterns.  In  the  green  state,  ceramic  tapes  are  soft, 
pliable,  and  easily  machinable.  The  material  facilitates  easy  fabrication  of  mesoscopic  features. 
In  the  fired  state,  small  and  precise  structures  can  be  machined  using  diamond  tools,  abrasive 
jets,  and/or  lasers.  It  is  possible  to  cast  tapes  of  various  ceramic  compositions  to  obtain  desirable 
properties.  Thus,  desired  properties  such  as  low/high  thermal  conductivity,  and  piezoelectric  and 
magnetic  layers  can  be  obtained.  Large  number  of  layers  can  be  laminated  to  form  three- 
dimensional  structures.  A  well  developed  thick  film  technology  facilitates  the  deposition  of 
various  metals  and  electrical  components  on  the  tapes  in  the  pre-fired  state  and  the  formation  of 
three-dimensional  interconnects.  It  is  possible  to  fabricate  hybrid  structures  consisting  of 
ceramics,  silicon,  metals  and/or  some  other  suitable  materials.  Professor  Baum  described  the 
fabrication  process,  potential  problems  and  their  solution.  He  also  gave  a  number  of  examples  of 
applications,  including  hydraulic  interconnects,  a  flow  meter,  a  thermal  cycler  and  PCR  reactor, 
an  electrophoretic  cell,  an  impactor  for  inertial  separation  of  particles,  and  a  fluid  mixer. 


19 


4.5  Banquet  Presentation  -  "Mesoscopic  Machines  -  There  is  plenty  of  room  in  the  middle!" 
Lawrence  H.  Dubois,  DARPA/DSO 

Dr.  Dubois,  the  Director  of  DARPA  Defense  Science  Office,  gave  the  workshop  banquet 
presentation.  He  spoke  about  the  opportunities  for  mesocopic  machines  -  sugar  cube  to  fist  size. 
These  devices  bridge  the  size  range  between  conventional  machines  and  MEMS.  They  provide 
for  enhanced  heat,  mass  and  momentum  transport  and  represent  an  optimal  size  range  for  a  wide 
variety  of  chemical  reactions  and  fluidic  functions.  Larger  systems  are  difficult  to  accurately 
control,  in  particular  surface  chemistry,  heat  and  fluid  flows.  Thermal  and  fluidic  properties  in 
smaller  devices  are  dominated  by  wall  interactions  and  these  devices  tend  to  have  high  pressure 
drop  and  low  throughput.  Mesoscopic  machines  operating  in  parallel  may  replace  large  systems 
with  resulting  improved  reliability  and  reduced  manufacturing  costs.  Technical  issues  in 
realizing  mesoscopie  machines  were  delineated,  specifically  device  design/  scaling  laws  for 
fluids,  chemistry,  combustion,  etc.;  fabrication  of  three-  dimensional  shapes  and  structures; 
materials  and  materials  properties,  and  systems  vj'.  components.  Dr.  Dubois  described  a  number 
of  application  examples  of  small  machine  for  which  the  mesoscopic  size  range  was  optimal.  The 
examples  included  bistable  electrostatically  activated  mesoscopic  pumping,  electrostatic  meso- 
cooler  for  person  cooling,  water  purification  systems,  and  mesoscale  turbine  engines.  The  talk 
also  provided  an  overview  of  several  three  dimensional  prototyping  fabrication  techniques  for 
mesoseale  systems. 
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5.  Working  Group  Reports 

5.1  Working  group  1:  Opportunities  for  MicroEnergy  Devices 
Robert  Wegeng  -  PNNL  (Leader) 

Summary  by  Aleksander  Franz,  MIT 

The  group  determined  several  exciting  areas  for  potential  application  of  microreaction 
technology  and  key  scientific  issues  associated  with  development  of  this  technology.  The  group 
participants  identified  the  essential  features  of  nnicrochemical  systems,  which  make  them 
potentially  highly  relevant  in  small  power  generation  devices.  A  list  of  applications  where 
microreaction  technology  could  have  the  highest  impact  was  generated.  Several  scientific  and 
engineering  problems  in  realizing  the  microreaction  technology  were  identified.  These  problems 
were  used  to  generate  areas  of  research  and  development  which  could  enable  future 
implementation  of  microchemical  systems  in  microenergy  devices. 

The  small  dimensions  of  microchemical  devices  result  in  uniquely  high  surface  to  volume 
ratios,  compared  to  traditional  chemical  processing  equipment.  The  high  surface  to  volume 
ratios  are  associated  with  excellent  heat  and  mass  transport  properties  within  the  microchemical 
devices.  The  high  mass  transport  rates  enable  fast  catalytic  reactions,  while  high  heat  transfer 
rates  enable  high  energy  density  reactors  and  heat  exchangers.  Since  chemical  fuels  possess 
energy  densities  two  orders  of  magnitude  higher  than  rechargeable  batteries,  application  of 
microchemical  devices  in  fuel  processing  for  power  generation  could  result  in  much  higher 
energy  densities  than  batteries. 

The  power  generation  applications  envisioned  for  microchemical  systems  are  those  which 
can  most  benefit  from  the  assumed  improvement  in  energy  density.  Some  examples  include 
soldier  power,  remote/off-grid  power  generation,  stationary  rechargers,  camping,  robotics, 
guided  munitions,  distributed  sensing  systems,  and  backup  power.  The  group  focussed  on  two 
applications  with  highest  impact  potential:  soldier  power  and  soldier  cooling.  While  the  high 
weight  and  low  energy  density  of  batteries  puts  severe  restraints  on  soldier  performance,  soldier 
cooling  is  currently  not  practical  with  available  technologies. 

Two  power  generation  approaches  were  considered  in  microchemical  systems.  One  was  a 
fuel  reformer  combined  with  a  fuel  cell.  The  other  was  combustion,  combined  with 
thermoelectric  elements,  thermophotovoltaics,  or  alternative  thermal  cycles.  Although  other, 
more  desirable  power  generation  schemes  may  be  developed,  the  scientific  and  engineering 
challenges  in  this  group  were  envisioned  primarily  in  the  context  of  the  above  technologies. 

Development  of  microchemical  power  generation  systems  represents  a  departure  from 
traditional  engineering  approaches.  The  small  scale  of  the  devices  dramatically  changes  the  heat 
and  mass  transport  properties,  increases  the  importance  of  surface  forces,  and  generates  a  novel 
set  of  engineering  problems  which  do  not  apply  for  conventional  scale  equipment.  Fast  heat 
transport  can  be  advantageous,  but  it  can  also  be  highly  undesirable  from  the  standpoint  of  heat 
losses.  Since  similar  operating  temperatures  must  be  achieved  in  these  small  systems  with  lower 
throughputs  as  with  conventional  systems,  and  since  overall  device  dimensions  must  remain 
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small,  device  design  for  heat  isolation  becomes  paramount.  Novel  materials  such  as  aerogels 
may  have  to  be  utilized  as  insulators,  and  novel  reactor  design  geometries  may  be  necessary. 
Small  channel  dimensions  can  be  more  susceptible  to  fouling  and  plugging.  Small  system 
dimensions  also  make  packaging  and  interfacing  to  the  often  macroscopic  surroundings 
challenging.  Micro/meso  fabrication  methods  may  eventually  produce  ultra  compact  equipment 
usually  thought  of  as  peripheral,  such  as  pumps,  valves,  fans,  filters,  etc.  However,  the  overall 
system  performance  (efficiency,  reliability)  will  depend  much  more  directly  on  these  micro¬ 
peripherals  than  in  large  chemical  processing  systems.  High  processing  temperatures  also  dictate 
the  use  of  high  temperature  materials,  and  appropriate  fabrication  methods  must  be  devised  to 
integrate  these  materials.  Device  fabrication  is  also  challenging,  and  truly  three-dimensional 
microfabrication  approaches  are  scarce.  Lack  of  fabrication  capabilities  often  forces  a 
compromise  between  the  optimal  design  and  one  that  can  be  fabricated.  The  choice  of  fuels  is 
also  an  important  engineering  consideration.  The  fuel  dictates  the  processing  needs,  and 
although  logistics  fuels  are  desirable,  the  simple,  single  chemical  fuels  offer  advantages  in  terms 
of  processing  demands,  purity,  and  fouling  that  could  make  the  difference  for  technology 
feasibility.  Finally,  short  chemical  residence  times  in  microchemical  devices  require  highly 
optimized  catalysts  and  adsorbents  and  methods  for  effectively  integrating  these  materials  into 
the  overall  fabrication  process. 

In  light  of  the  above  demanding  problems,  a  number  of  critical,  cross-cutting  research  areas 
were  identified.  Novel  thermal  insulating  materials  and  thermal  device  designs  must  be  pursued 
for  the  microchemical  energy  systems.  Micro  and  meso  fabrication  approaches  need  to  be 
extended  to  enable  more  flexible  device  design  and  integration  of  catalysts,  adsorbents, 
insulators,  and  high  temperature  materials.  Peripheral  microchemical  equipment  such  as  pumps 
and  valves  needs  to  be  developed  specifically  with  the  goals  of  small  power  generating  systems 
in  mind.  Such  peripheral  equipment  would  be  small,  light,  and  utilize  minimum  power. 
Platforms  for  effective  and  flexible  overall  system  integration  of  various  unit  operations, 
batteries,  controllers,  fuel  tanks  and  environmental  interfaces  must  be  designed  and 
implemented.  Basic  experimental  and  modeling  research  should  continue  to  improve 
understanding  of  reacting,  non-reacting,  single  phase,  and  two  phase  flows  in  small  channels. 
Finally,  microchemical  reactors  and  heat  exchanger  designs  must  be  fabricated  and  quantitatively 
assessed  to  enable  systems  level  projections  of  power  generation  efficiency.  Because  the  physics 
associated  with  scaling  down  microchemical  systems  often  do  not  conform  to  conventional  scale 
engineering  wisdom,  a  new  set  of  engineering  rules  and  intuition  must  be  developed  to  reflect  the 
experience  of  designing,  fabricating,  and  quantitatively  testing  microchemical  devices. 


5.2  Working  Group  2:  Challenges  and  Needs  in  Microfabrication  and  Materials 

Martin  A.  Schmidt  -  MIT  (Discussion  Leader) 

Summary  by  Rebecca  Jackman  and  Martin  Schmidt  (MIT) 

The  requirements  for  specific  applications  drive  the  need  to  extend  existing  techniques  for 
microfabrication  and  to  produce  micro  structures  in  materials  other  than  silicon.  Applications  in 
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the  area  of  microchemical  systems  that  the  working  group  considered  were  devices  for  chemical 
synthesis,  systems  for  power  generation,  total  microanalysis  systems,  and  devices  for 
environihental  remediation.  (BioMEMS  were  discussed  briefly  but  were  agreed  to  lie  beyond 
the  mandate  of  this  workshop.)  Challenges  in  fabricating  these  types  of  microchemical  systems 
arise  because  of  various  practical  constraints:  the  devices  may  need  to  withstand  extremes  in 
temperature,  high  pressures,  and  harsh  chemical  conditions.  These  requirements  must  be  met 
while  components  that  perform  multiple  functions  are  integrated,  precision  in  fabrication  is 
maintained,  and  an  appropriate  packaging  solution  is  developed.  All  of  these  needs  must  be  met 
within  a  reasonable  period  of  time  and  at  a  tolerable  cost. 

Once  the  specific  needs  for  an  application  have  been  identified,  the  optimal  material(s)  for 
fabrication  can  be  selected.  The  choice  of  material  then  determines  the  methods  available  to  the 
designer  for  fabricating  the  device.  We  identified  five  basic  classes  of  materials  that  are  of 
interest  to  an  engineer  designing  a  microchemical  system  -  we  discussed  techniques  for 
processing  these  classes  of  materials  (the  state-of-the-art),  and  the  advantages  and  limitations 
associated  with  each  of  them.  Recommendations  for  improving  fabrication  methods  for  these 
materials  were  identified.  The  table  that  follows  summarizes  these  discussions. 

Two  issues  in  the  discussion  of  the  fabrication  of  microchemical  devices  were  recurrent:  how 
to  design  systems  that  incorporate  different  materials  and  how  to  package  these  devices.  If  it  is 
going  to  be  possible  to  incorporate  different  materials  into  microchemical  devices,  then  it  is 
essential  that  methods  for  integrating  and  bonding  dissimilar  materials  be  developed.  Currently, 
lamination  of  patterned  sheets  is  the  dominant  method  for  bonding  complex  microstructures. 
While  there  is  no  general  solution  to  the  bonding  problem,  it  is  an  area  that  we  identified  as 
critical  for  improvements  in  the  fabrication  of  these,  and  other,  miniaturized  devices.  The  other 
issue  that  is  relevant  to  all  systems  is  the  question  of  packaging:  should  fabrication  be  integrated 
or  modular?  The  consensus  was  that  a  modular  approach  would  be  more  flexible. 

We  make  several  recommendations  for  the  development  of  an  infrastructure  that  would 
facilitate  the  accessibility  of  the  technology  for  producing  microfluidic/microchemical  systems. 
We  recommend  the  establishment  of  a  foundry  (perhaps  virtual)  that  would  serve  as  the  starting 
point  for  this  infrastructure  (cf.  MCNC  Foundry  for  MEMS  community).  The  foundry  would 
provide  micropatterned  sheets  of  ceramic,  silicon,  metal,  etc.  and  would  develop  methods  for 
bonding  these  sheets  to  an  integrated  device.  Standardization  of  both  fluidic  and  electrical 
interfaces  within  the  foundry,  and  the  creation  of  design  rules  for  devices,  would  streamline 
processing  and  would  ultimately  facilitate  the  development  of  standardized  packaging  solutions. 
Within  the  foundry  a  database  of  materials  properties  would  be  established,  and  the  processes 
would  be  modeled  for  process  engineering. 
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5.3  Working  Group  3:  Chemical  Applications  of  Microchemical  Systems 
Klavs  F.  Jensen  -  MIT  (Discussion  Leader) 

This  working  group  assessed  chemical  applications  of  microreaction  technology;  specific 
opportunities  were  discussed  along  with  research  needs  and  barriers  to  implementation.  Energy 
and  fuel  processing  applications  were  excluded  since  Working  Group  1  covered  them.  In  order 
to  focus  the  discussion,  the  working  group  defined  microchemical  systems  as  having  the 
following  characteristics: 

(i)  chemical  transformations  take  place, 

(ii)  a  precisely  controlled  design, 

(iii)  fabricated  by  microfabrication  techniques  including  MEMS  methods,  soft  lithography, 

and  micromachining, 

(iv)  fluidic  channel  dimensions  range  from  sub  millimeters  to  sub  micron,  and 

(v)  scale-up  of  production  by  replication  (“numbering  up”  or  “scale-out”). 

The  integration  of  sensors  (flow,  pressure,  temperature  and  chemical  species)  and  actuators 
(heaters  and  valves)  with  reaction  channels  was  desirable  but  not  necessary  for  a  device  to  be  a 
microchemical  system.  The  group  chose  to  focus  on  microchemical  systems  for  synthesis. 
Devices  combining  reaction,  separation,  and  sensing  with  the  primary  aim  of  chemical  or 
biological  diagnostics  ["laboratory  on  a  chip"  or  micro  total  analysis  systems  (pTAS)]  were 
considered  outside  the  scope  of  the  workshop. 

The  workshop  presentations  and  posters  had  shown  existing  applications  of  microreaction 
technology,  including  DNA  analysis,  combinatorial  chemistry,  partial  oxidation  of  hydrocarbons, 
isocyanate  synthesis  (DuPont),  vitamin  intermediates  (IMM-BASF),  fine  chemicals  (IMM- 
Merck  -  Germany),  and  specialty  polymers  (IMM-Aventis).  The  group  identified  a  number  of 
additional  applications  for  different  chemical  industry  segments,  which  are  discussed  below. 
Table  1  lists  a  number  of  specific  examples  the  group  projected  would  be  realized  three  and  ten 
years  out. 

The  workshop  presentations  and  posters  had  shown  existing  applications  of  microreaction 
technology,  including  DNA  analysis,  combinatorial  chemistry,  partial  oxidation  of  hydrocarbons, 
isocyanate  synthesis  (DuPont),  vitamin  intermediates  (IMM-BASF),  fine  chemicals  (IMM- 
Merck  -  Germany),  and  specialty  polymers  (IMM-Aventis).  The  group  identified  a  number  of 
additional  applications  for  different  chemical  industry  segments,  which  are  discussed  below. 
Table  1  lists  a  number  of  specific  examples  the  group  projected  could  be  realized  three  and  ten 
years  out. 

•  Devices  for  medical  diagnostics  -  This  field  is  rapidly  expanded  with  a  number  of  large 
companies  (e.g..  Motorola,  Agilent  (HP),  and  Perkin  Elmer)  and  small  companies  (e.g.. 
Caliper  and  Aclara)  driving  development.  This  application  is  closely  related  to  pTAS  and 
beyond  the  scope  of  the  workshop. 

•  Personal  care  and  cosmetic  products  -  The  controlled  micromixing  achievable  in 
microchemical  systems  has  potential  for  producing  emulsions  and  creams  with  substantially 
reduced  amounts  of  surfactants  and  other  additives  that  might  interfere  with  the  intended 
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application.  Products  with  a  short  shelf  life  that  could  be  produced  by  mixing  and  reaction  in 
a  small  device  (perhaps  integrated  with  the  chemical  reservoirs)  are  potential  targets  for 
micro  reaction  technology.  The  potential  for  chip-based,  time-controlled  drug  delivery  was 
recently  demonstrated"*  and  the  concept  can  readily  be  extended  to  other  microreactor 
configurations. 

•  Fuels  and  energy  -  In  addition  to  the  specific  applications  of  fuel  processing  for  hydrogen 
generation  for  PEM  fuel  cells  and  thermal  energy  conversion,  discussed  by  Working  Group 
1,  microreactors  could  be  used  for  specialized  fuel  upgrading  and  processing  applications 
with  high  cost  low  volume  characteristics. 

•  Laboratory  and  pilot  plant  instrumentation  -  Microreactors  integrated  with  sensors  and 
actuators  would  provide  efficient  platforms  for  generation  of  transport  and  kinetic  data 
needed  for  process  scale  up.  Scaling  from  the  laboratory  to  the  pilot  plant  could  be  done  by 
numbering  up  microreactors.  Microreactors  are  natural  platforms  combinatorial  approaches, 
as  well  as  statistically  planned  experimentation. 

•  Biochemical  processing  -  Microreactors  with  enzymes  have  been  demonstrated  for  pTAS 
applications,  and  existing  hollow  fiber  reactors  could  be  considered  as  microreactors  in  the 
sense  that  the  fiber  thickness  falls  in  the  sub  millimeter  range.  Additional  potential 
application  areas  include  microfermentation  systems  for  screening  and  directed  evolution,  as 
well  as  fed-batch  reaction  systems  with  controlled  environment  for  cell  free  protein 
synthesis. 

•  Pharmaceutical  and  fine  chemical  production  -  Typical  reactions  such  as  halogenation, 
nitration,  oxidation,  and  hydrogen  offer  opportunities  for  microreactor  technology.  The 
improved  heat  and  mass  transfer  could  lead  to  higher  conversion  and  selectivity  while  also 
yielding  a  safer  and  cleaner  production.  Moreover,  the  flexibility  of  numbering  up  units  in 
scale  up  would  allow  capital  investment  and  production  to  be  aligned  with  product  demand. 
This  approach  would  lower  the  risk  and  cost  of  introducing  new  products  while  also 
accelerating  the  transfer  fi'om  laboratory  to  pilot  plant  and  production. 

•  Sustainable  development  -  environmental  friendly  production  -  Adopting  microchemical 
systems  would  change  production  from  traditional  batch  reactors  to  small  continuous 
processes  with  lower  process  inventory,  and  thus,  less  possibility  for  potentially  damaging 
spills.  The  excellent  heat  transfer  characteristics  in  microsystems  would  reduce  or  eliminate 
the  need  for  use  of  solvents  for  dilution  to  avoid  thermal  runaway  reactions.  Moreover, 
microchemical  systems  would  enable  more  efficient  contacting  schemes  and  new  reaction 
sequences  with  fewer  process  steps  and  improved  yields.  By  integration  of  microreaction 
elements  with  separation  units  it  may  be  possible  to  further  improve  yields  and  minimize 
waste.  The  use  of  microreaction  technology  would  also  have  the  potential  for  on-site,  on- 


Santini  J,  T.,  Cima  M.J.  and  L.  R.,  “A  Controlled-Release  Microchip,”  Nature,  397, 335  (1999). 
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demand  production  of  highly  reactive  and  toxic  intermediates,  reducing  or  eliminating  the 
storage  and  shipment  of  such  compounds. 

•  Personal  care  and  cosmetic  products  -  The  controlled  micromixing  achievable  in 
microchemical  systems  has  potential  for  producing  emulsions  and  creams  with  substantially 
reduced  amounts  of  surfactants  and  other  additives  that  might  interfere  with  the  intended 
application.  Products  with  a  short  shelf  life  that  could  be  produced  by  mixing  and  reaction  in 
a  small  device  (perhaps  integrated  with  the  chemical  reservoirs)  are  potential  targets  for 
microreaction  technology.  The  potential  for  chip  based,  time  controlled  drug  delivery  was 
recently  demonstrated^  and  the  concept  can  readily  be  extended  to  other  microreactor 
configurations. 

•  Devices  for  medical  diagnostics  -  This  field  is  rapidly  expanded  with  a  number  of  large 
companies  (e.g..  Motorola,  Agilent  (HP),  and  Perkin  Elmer)  and  small  companies  (e.g.. 
Caliper  and  Aclara)  driving  development.  This  application  is  closely  related  to  pTAS  and 
beyond  the  scope  of  the  workshop. 

Difficulties  in  applying  microreactors  will  arise  when  dealing  with  “sticky  solids”  and  “dirty” 
systems,  leading  to  fouling  of  the  reactor  channel.  Microreactors  are  also  less  likely  to  be 
successful  when  high  surface  area  to  volume  is  a  problem  for  the  process.  Surface  adsorption, 
contamination,  and  unintended  catalysis  could  be  side  effects  of  the  high  surface  to  volume  ratios 
characteristic  of  microreactors.  The  low  throughput  per  unit  is  perhaps  the  most  serious 
shortcoming  of  microreaction  technology.  For  this  reason  microreaction  technology  should  not 
be  viewed  as  a  means  for  miniaturization  of  existing  processes,  but  rather  as  a  tool  for  realizing 
new  processes  under  more  aggressive,  better  contacting  conditions  where  reaction  rates  and 
product  yields  are  higher  than  in  standard  reaction  equipment. 


Table  1.  Examples  of  microreaction  applications  three  and  ten  years  out. 


3  years 


10  Years 


Combined  chemical  synthesis  and  analysis 

Decontamination  chemistry 

Fogs  and  emulsions 

Portable  fuel  processing 

Potable  water  and  air  purification 

Personal  medical  devices 

BioChem  detection 

Increased  use  in  discovery  and  pilot  plant 
Exponential  growth  in  production  of  fine 
chemicals 


Exponentially  decreasing  cost  of  chemical 
information 
10^  types  of  microTAS 
30%  of  fine  chemicals  produced  by 
microchemical  systems 
Personal  chemistry  devices 
Microsystems  available  for  particular 
reactions/chemistries 
Microsystems  for  materials  synthesis 

Small  to  medium  size  industrial  base  for 
microchemical  systems 


^  Santini  J,  T.,  Cima  M.J.  and  L.  R.,  “A  Controlled-Release  Microchip,”  Nature,  397, 335  (1999). 
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Advances  in  microreaction  technology  will  require  multidisciplinary  research  approaches. 
Research  must  be  done  in  relevant  areas  of  transport  phenomena,  chemistry,  materials,  and 
fabrication  technology  to  realize  the  promise  of  microreaction  technology.  A  better 
understanding  of  mixing  and  flow  in  microchannels  is  needed  for  simple  and  complex  fluids. 
Simulation  tools  exist  for  simple  laminar  Newtonian  flows,  but  applications  will  require 
quantitative  predictions  of  complex  flows  and  novel  mixing  schemes.  Quantitative  models  of 
electrical  field  driving  flows  (electroosmotic  flows)  or  separations  (electrophoresis)  must  be 
included  in  transport  simulations.  The  high  surface  area  to  volume  characteristics  of 
microreactors  drive  the  understanding  of  surface  chemistry  in  microchannels.  Fundamental 
insights  into  adhesion  and  surface  modifications  could  lead  to  the  development  of  surface 
coatings  preventing  undesired  adhesion  of  molecules  from  the  fluid  stream — an  important 
consideration  for  biological  systems.  The  use  of  molecular  self-assembly  methods  could  be  used 
to  develop  micro-  and  nano-structured  composites  for  catalysis.  Surface  coatings  control  surface 
tension  and,  therefore,  also  can  be  useful  in  manipulating  fluid  delivery. 

Description  of  microchemical  device  performance  must  be  based  upon  a  systems  approach 
that  integrates  chemical,  transport,  mechanical,  and  electrical  components  along  with  an 
economic  analysis.  Models  must  also  reflect  the  multiple  length  and  time  scales  involved  in 
microreaction  technology.  It  will  also  be  essential  to  understand  process  transients  and  to 
integrate  process  control  in  the  early  stages  of  microreactor  design  considerations.  Answering 
the  question  “when  is  smaller  better?”  should  be  central  to  the  development  of  any  microreactor 
system.  Research  is  also  needed  on  microreactor  materials,  fabrication  methods,  and  packaging. 
Working  Group  #2  discussed  these  critical  issues. 

Factors  influencing  major  industrial' acceptance  of  microreaction  technology  include:  (i) 
demonstrated  applications  examples;  (ii)  exposure  of  the  technology  to  decision  makers;  (iii)  the 
availability  of  packaged  devices  easily  integrated  into  chemical  laboratories;  (iv)  development  of 
fabrication  infrastructure  (foundries  and  engineering),  and  (v)  development  of  standards  for 
integration  and  fabrication.  Research  and  development  of  microreaction  technology  will  be 
enhanced  by  educational  initiatives,  specifically  interdisciplinary  courses,  training  of  process 
personnel,  and  development  of  reviews  and  texts  on  all  aspects  of  microchemical  reaction 
technology. 


6.  Background 

Microfabrication  techniques  and  scale-up  by  replication  have  fueled  spectacular  advances  in 
the  electronics  industry,  and  they  have  started  to  revolutionize  biological  research  and  drug 
discovery.  Microfabrication  offer  a  similar  potential  for  faster,  cheaper,  better  chemical  product 
research  and  development.  Micro-chemical  systems  have  feature  sizes  in  the  micron  to  hundreds 
of  micron  range,  and  reaction  components  are  integrated  with  miniaturized  sensors  and  actuators. 
The  reduction  in  size  and  integration  of  multiple  functions  create  structures  with  capabilities  that 
exceed  those  of  conventional  macroscopic  systems  and  add  new  functionality. 

These  developments  build,  in  part,  on  advances  in  MicroElectroMechanical  Systems 
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(MEMS)^;  a  field  that  started  by  using  fabrication  techniques  developed  for  microelectronics  to 
construct  sensors  and  actuators  but  now  encompasses  a  wide  range  of  materials  and 
microfabrication  methods.  MEMS  devices  are  now  found  in  a  wide  range  of  automotive, 
aircraft,  health  care,  printing,  and  optical  applications.  The  research  investment  made  in  MEMS 
has  enabled  the  fabrication  of  microchemical  reaction  systems.  Many  of  the  components  (e.g., 
valves,  pumps,  flow  sensors,  mixers,  and  separation  devices)  needed  in  integrated  chemical 
systems  have  been  demonstrated  in  a  wide  range  of  metals,  ceramics,  and  polymers.  . 
Miniaturization  of  chemical  analytic  devices  in  "micro-total-analysis-systems  (|iTAS) 
represents  a  natural  extension  of  MEMS  technology  to  chemistry  and  biology  with  obvious 
application  in  combinatorial  chemistry,  high  throughput  screening,  and  portable  analytical 
measurement  devices. 

Microfabrication  offers  advantages  in  reduced  consumption  of  expensive  reagents,  fluidic 
components  with  small  dead  volumes,  improved  separation  resulting  from  higher  surface  to 
volume  ratios,  integration  of  sensors  and  actuators,  parallel  screening,  and  mass  fabrication  of 
multiple  units  by  replication.  Research  laboratories  and  pilot  plant  facilities  often  use  small 
reactors  but  they  are  faced  with  bench  top  analytical  equipment  and  large  panels  of  complex 
fluid  handling  manifolds.  With  the  continual  advances  in  |XTAS  and  microfabricated  reactors, 
these  macroscopic  test  systems  could  eventually  be  replaced  by  PC-card  sized  microchemical 
systems  consisting  of  integrated  microfluidic,  sensor,  control,  and  reaction  components.  Such 
systems  would  clearly  require  less  space,  utilities,  produce  less  waste,  and  offer  safety 
advantages.  They  would  enable  high-through-put  screening  of  catalysts  and  process  chemistries 
under  realistic  conditions,  which  has  proven  difficult  in  current  combinatorial  approaches. 
Moreover,  the  small  dimensions  imply  laminar  flow,  making  it  feasible  to  fully  characterize  heat 
and  mass  transfer  and  extract  chemical  thermodynamic,  kinetic,  and  transport  parameters  from 
sensor  data. 

The  reduced  consumption  of  expensive  reagents,  fast  response  time,  and  integration  of 
sensors  and  actuators  inherent  in  microfabricated  systems  are  particularly  attractive  for  screening 
of  biological  samples.  Recent  DNA  detection  units  are  essentially  microchemical  systems  that 
combine  reagent  dosing,  controlled  reaction,  separation,  and  detection.^  However,  microreaction 
technology  will  also  impact  chemical  research  and  production.  The  high  heat  and  mass  transfer 
rates  possible  in  microfluidic  systems  allow  reactions  to  be  performed  under  more  aggressive 
conditions  with  higher  yields  than  achievable  with  conventional  reactors.  More  importantly,  new 
reaction  pathways  deemed  too  difficult  in  conventional  equipment,  e.g.,  direct  fluorination  of 


®  K.  D.  Wise,  “Special  Issue  on  Integrated  Sensors,  Microactuators,  and  Microsystems  (MEMS),  Proceedings  of  the 
IEEE  199^,  86, 1531-1533. 

’  W.  Ehrfeld,  V.  Hessel  and  H.  Lehr,  “Microreactors  for  chemical  synthesis  and  biotechnology-Current 
developments  and  future  applications,”  Topics  in  Current  Chemistry  (“Microsystem  Technology  in  Chemistry  and 
Life  Science”)  1998  194,  233-252,  Springer  Berlin. 

*  van  den  Berg,  A.  and  D.  J.  Harrison  (Eds.),  Micro  Total  Analysis  Systems’98,  Kluwer  Academic  Publishers, 
Dordrecht  (1998). 

®  Burns,  M.  A.,  B.  N.  Johnson,  S.  N.  Brahmasandra,  K.  Handique,  J.  R.  Webster,  M.  Rrishnan,  T.  S.  Sammarco,  P. 
M.  Man,  D.  Jones,  D.  Heldsinger,  C.  H.  Mastrangelo  and  D.  T.  Burke,  “An  Integrated  Nanoliter  DNA  Analysis 
Device,”  Science,  282, 484  (1998). 
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aromatic  compounds  can  be  realized.**^  Even  if  a  microreactor  failed,  the  small  quantity  of 
chemicals  released  accidentally  could  be  easily  contained.  Moreover,  the  presence  of  integrated 
sensor  and  control  units  could  allow  the  failed  reactor  to  be  isolated  and  replaced  while  other 
parallel  units  continued  to  produce.  These  inherent  safety  characteristics  suggest  that  production 
scale  systems  of  multiple  microreactors  should  enable  distributed  point-of-use  chemical 
synthesis  of  chemicals  with  storage  and  shipping  limitations,  such  as  highly  reactive  and  toxic 
intermediates  (e.g.,  ozone,  cyanides,  peroxides,  azides).  As  a  demonstration  of  these  concepts, 
DuPont  has  synthesized  a  number  of  potentially  hazardous  chemicals,  including  isocyanates,  in  a 
microreactor  formed  by  bonding  silicon  wafers  patterned  to  form  channels,  preheaters,  and 
catalytic  reactor  sections.'* 

Scale-up  to  production  by  replication  of  microreactor  units  used  in  the  laboratory  would 
eliminate  costly  redesign  and  pilot  plant  experiments,  thereby  shortening  the  development  time 
from  laboratory  to  commercial  production.  This  approach  may  be  a  particular  advantage  for  the 
fine  chemical  and  pharmaceutical  industries  where  production  often  is  as  small  as  a  few  metric 
tons  per  year.  The  strategy  would  also  allow  for  scheduled,  gradual  investment  in  new  chemical 
production  facilities  without  committing  to  a  large  production  facility  from  the  outset. 
Ultimately,  the  large  scale  manufacturing  of  individual  components  and  subsequent  integration, 
as  done  in  the  electronic  and  automotive  industry,  could  challenge  the  traditional  centralized 
economy  of  scale  {i.e.,  a  few  large  plants)  practiced  in  the  chemical  industry. 

The  high  heat  and  mass  transfer  rates  possible  in  microfluidic  systems  could  allow  reactions 
to  be  performed  under  more  aggressive  conditions  and  with  higher  yields  than  achievable  in 
conventional  reactors.  More  importantly,  new  reaction  pathways  deemed  too  difficult  in 
conventional  microscopic  equipment  may  be  realized.  For  example,  direct  fluorination  of 
aromatic  compounds  has  recently  been  demonstrated  in  single,  micromachined  channels.  Even 
if  a  microreactor  failed,  the  small  quantity  of  chemicals  released  accidentally  could  be  easily 
contained.  Moreover,  the  presence  of  integrated  sensor  and  control  units  could  allow  the  failed 
reactor  to  be  isolated  and  replaced  while  other  parallel  units  continued  to  produce.  These 
inherent  safety  characteristics  suggest  that  production  scale  systems  of  multiple  microreactors 
should  enable  distributed  point-of-use  chemical  synthesis  of  chemicals  with  storage  and  shipping 
limitations,  such  as  highly  reactive  and  toxic  intermediates. 

Microreactor  research  over  the  past  few  years  has  demonstrated  a  widening  range  of 
chemical  applications,  increasingly  sophisticated  designs,  and  expanding  levels  of  integration. 
Gas  phase  reactors  tend  to  be  based  on  microchannel  plates  or  freestanding  thin  walls  from 
silicon  based  MEMS  fabrication  MicroChannel  systems  exploit  the  high  heat  transfer  rate  made 
possible  by  the  small  dimensions  and  have  the  additional  advantage  for  chemical  production  of 
higher  productivity  per  unit  volume  than  MEMS  based  devices.  Similar  to  conventional  ceramic 
monolith  reactors,  however,  they  suffer  from  lack  of  sensing  and  active  control  within  the 
microchannel  assembly.  Stacking  of  microchannel  plates  with  different  reaction  and  heat 
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exchanger  functions  provides  the  potential  for  energy  integration.^^ 

Thin  wall  reactors  offer  the  opportunity  for  integration  of  flow  and  temperature  sensors  on 
the  external  side.  The  micron-thick  wall  provides  good  thermal  contact  with  the  catalyst  in  the 
interior.  Energy  transfer  in  the  active  reactor  wall  may  be  manipulated  by  adjusting  the  thickness 
of  the  wall  and  choosing  materials  of  different  thermal  conductivity.  Thermal  isolation  is  useful 
when  using  the  thin-wall  reactor  as  a  calorimeter,  but  also  creates  the  potential  for  multiple 
steady  states  for  highly  exothermic  reactions.  Increased  heat  conduction  out  of  the  catalyst 
removes  the  multiplicity  and  opens  mild  reaction  conditions  typically  not  accessible  in 
conventional  reactors.  The  integrated  heaters  and  temperature  sensors  combined  with  the  low 
thermal  mass  of  the  wall  has  the  further  advantage  of  fast  thermal  response  times.  The  use  of  a 
permeable  membrane  instead  of  the  thin  wall  allows  the  integration  of  separation  with  chemical 
reaction,  as  in  macroscopic  membrane  reactors.  For  example,  the  integration  of  a  submicron 
thickness  palladium  membrane  makes  a  high  efficiency  hydrogen  purification  device  and 
provides  the  potential  for  conducting  hydrogenation  and  dehydrogenation  reactions.  ' 

The  small  dimensions  in  microreactor  channels  imply  laminar  flow  so  that  mixing  occurs 
primarily  by  diffusion.  This  characteristic  becomes  both  a  challenge  and  an  advantage  for  liquid 
phase  reaction  systems.  To  accelerate  mixing,  most  liquid  phase  reaction  systems  rely  on 
splitting  and  recombination  of  the  fluid  streams  several  times  to  create  a  laminated  fluid  with  an 
increased  fluid  interface  and  shortened  diffusion  path.'^  Alternatively,  the  liquid  feed  can  be 
introduced  in  such  away  as  to  produce  a  laminated  stream.  The  choice  of  design  becomes  a 
trade-off  between  mixing  speed,  pressure  drop,  volume  flow,  and  the  feasibility  of 
microfabrication.  The  relatively  slow  mixing  phenomenon  can  be  exploited  in  phase  transfer 
reactions,  separation  devices,  and  nucleation  studies  as  well  as  in  novel  microfabrication 
schemes.*^ 

The  ability  of  microfabrication  to  reproduce  complex  designs  in  a  parallel  fashion  should 
invigorate  the  innovative  nature  of  reactor  design  and  lessen  the  tedium  of  having  to  chose 
among  particular  reactor  geometry  (e.g.,  stirred  tanks,  tubular  and  trickle  bed  reactors).  In 
developing  microreaction  technology,  it  will  be  essential  to  be  focused  on  systems  where 
microfabrication  can  provide  unique  process  advantages.  Such  advantages  could  be  derived 
from  increased  mass  and  heat  transfer  leading  to  improved  yield  and  safety  for  an  existing 
process.  The  real  value  of  the  miniaturization  effort,  however,  would  be  in  exploring  new 
reaction  pathways  and  finding  economical  and  environmentally  benign  solutions  to  chemical 
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manufacturing. 

It  will  be  important  to  exploit  characteristics  resulting  from  the  small  dimensions  beyond  the 
high  transport  rates,  specifically  forces  associated  with  high  surface  area  to  volume  ratios.  For 
example,  Orchid  Biocomputer  uses  capillary  valves  and  pressure  to  control  fluid  deliveries  and 
well  volume  consistency  across  multiple  reactor  wells  in  combinatorial  synthesis.  '  In  general, 
chemical  systems  rely  on  large  surface  areas  for  separations  or  reactions.  Increases  in  surface 
area  to  volume  ratios  can  be  achieved  by  microfabricating  internal  structures.  Such  schemes 
have  been  exploited  in  making  separation  columns  for  proteomics,  immobilizing  enzymes,  and 
size  selective  catalysis.’* 

The  need  to  develop  novel  structures  with  controlled  surface  characteristics  suggests  that 
microreactor  fabrication  must  go  beyond  classical  micromachining  and  silicon  MEMS 
techniques.  Microfabrication  in  glass  already  forms  the  foundation  for  many  biological  devices 
because  of  the  need  for  an  insulating  substrate  for  electrophoresis.  Fabrication  in  plastics  using 
embossing  and  injection  molding  techniques  is  rapidly  expanding.  The  family  of  chemical  self- 
assembly  and  microfabrication  techniques,  “soft  lithography,”  developed  by  Whitesides  and 
coworkers’^  further  provide  unique  opportunities  for  microfabrication  and  chemical  tailoring  of 
surfaces  to  particular  applications.  Its  strengths  include  the  ability  to  transfer  patterns  onto  non- 
planar  surfaces,  formation  of  microstructures,  and  compatibility  with  a  wide  range  of  materials: 
polymers,  metals,  and  ceramics.  These  techniques  have  already  produced  unique  microstructures 
and  capabilities  that  could  further  advance  microchemical  systems. 

In  order  for  microreactors  to  move  beyond  the  laboratory  into  chemical  production,  they 
must  be  integrated  with  sensors  and  actuators  either  on  the  same  chip  or  through  hybrid 
integration  schemes.  It  was  the  integrated  circuit  that  created  the  microelectronics  revolution, 
not  the  transistor  itself.  The  integration  of  chemical  systems  with  sensors  in  pTAS  is  already  a 
rapid  expanding  the  field  and  cross-fertilization  with  microreactors  for  chemical  synthesis  will 
ultimately  result  in  integrated  chemical  processors.  The  packaging  of  multiple  reactors  presents 
significant  challenges  in  fluid  handling,  local  reactor  monitoring  and  control  not  previously 
addressed  in  traditional  design  of  chemical  plants.  Thus,  the  realization  of  microreaction 
technology  offers  tremendous  multidisciplinary  research  opportunities  across  biology,  chemistry, 
materials,  and  electronics,  as  well  as  in  the  traditional  chemical  engineering  sub-disciplines  of 
catalysis,  transport  phenomena,  reaction  engineering,  and  systems. 
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9.  Appendix - 

9.1  Copies  of  Oral  Presentations 
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Welcome  -  Workshop  organization  and  objectives 

Microreactor  Components  and  Systems  -Basic 
Properties,  Fabrication  Methods  and  Commercial 
Applications 

Integrated  Reaction,  Separation,  and  Detection 
Systems  for  Biochemical  Analysis 

Recent  Results  of  Chemical  Syntheses  on  a 
Microfluidic  Chip 

Gas  Phase  Chemical  Detection  with  and 
Integrated  Chemical  Analysis  System 

Microchemical  System  Applications  -  DuPont 
Experience 

Hydrocarbon  Fuel  Processors  -  Development 
Issues  in  Fuel  Cell  Vehicle  Applications 

Fuel  Processing  in  MicroChannel  Reactors. 


Catalytic  Partial  Oxidation  at  Millisecond  Times 


Combustors  for  Micro  Heat  Engines 

Man-portable  Microtechnology  Based  Absorption 
Heat  Pump. 
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George  Whitesides,  Harvard  University 

Martin  A.  Schmidt 
MIT 

Haim  H.  Ban 

University  of  Pennsylvania 
Lawrence  H.  Dubois,  DARPA/DSO 


Microfabrication  and  Microfluidics  Using 
Polymers  and  Rapid  Prototyping 

Novel  MEMS  fabrication  approaches 

Microfluidic  Systems  Fabricated  in  Low 
Temperature  Co-fired  Ceramic  Tapes 

Mesoscopic  Machines  -  There  is  plenty  of  room 
in  the  middle!" 


9.2  Appendix  -  Copies  of  Working  Group  Presentations 

I:  Opportunities  for  Microenergy  Devices,  Moderator:  Robert  Wegeng,  PNNL 

II:  Challenges  and  Needs  in  Microfabrication  and  Materials,  Moderator:  Martin  Schmidt,  MIT 

III:  Chemical  Applications  of  Microchemical  Systems,  Moderator:  Klavs  Jensen,  MIT 

9.3  Appendix  -  Copies  of  Poster  Presentations 
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Jeffrey  G.  Killian  Developing  Conducting  Polymers  for  Charge  Storage 

Johns  Hopkins  University  Applications 


Brian  K.  Paul  ’  Microlamination  for  Microtechnology-Based  Energy  and 

Oregon  State  University  Chemical  Systems 


Xiang  Zhang  Microfabrication  of  Truly  3D  Complex  Microstructures 

Pennsylvania  State  University  with  Materials  Beyond  1C  Processes  (copy  not  available) 


L.  James  Lee  Fabrication  Techniques  for  Polymer  Based  Microfluidic 

Ohio  State  University  Devices 


Debra  R.  Rolison 


Using  Nanoscale  Mesoporous  Architectures  to  Design 
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Naval  Research  Laboratory 

Integrated  Fuel  Cell  Catalysts  or  Pave  High  Surface 

Areas  with  Nanowires 

John  N.  Harb,  Brigham  Young 
University 

Microbatteries  for  Use  with  MEMS  Devices 

Mark  R.  Holl 

University  of  Washington 

A  Microfluidic  Sample  Preconditioning  System  for  CBW 
Agent  Detection  and  Quantification 

Nitish  V.  Thakor 
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Anil  R.  Oroskar 
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VLSI  Electrochemical  Sense  Array  for  Chem/Bio/Neuro 

Process  Intensification  Needs  in  Petroleum  & 
Petrochemical  Industry 

Eduardo  E.  Wolf 

University  of  Notre  Dame 

Microfabricated  Bimetallic  Catalysts  for  the 
Hydrogenation  of  Croton  Aldehyde 

Goran  Jovanovic 

Oregon  State  University 

A  Microtechnology  Based  Chemical  Reactor  System  for 
Catalytic  Dechlorination  of  Chlorinated  Solvents 

Rebecca  Jackman,  MIT 

Liquid  Phase  and  Multi  Phase  Microreactors  for 

Chemical  Synthesis 

Aleks  Franz,  MIT 

High  Temperature  Gas  Phase  Catalytic  and  Membrane 
Reactors 

Patrick  L.  Mills 

DuPont  Central  Research  & 
Development 

Microfabricated  Gas-Phase  Reactor:  Scale-Up  & 
Packaging 

Louis  C.  Chow 

University  of  Central  Florida 

Mesoscale  Refrigerator 

Haim  Bau 

University  of  Pennsylvania 

Microfluidic  Components  and  Systems  Fabricated  in 

Low  Temperature  Co-fired  Ceramics  Tapes 
(see  Haim  Bau  -  Presenatation) 

Anantha  Krishnan 

Computational  Design  Tools  for  Micro-Chemical 

Systems 
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HEAT  EXCHANGER  WITH  COUNTERCURRENT  FLOW: 
MASK  LAY-OUT 
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HIGHLY  EFFICIENT  HEAT  TRANSFER 
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HIGH  THROUGH-PUT  MICRO  MIXER: 
FLOW  RATE  SIMULATION 
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Pressure  distribution  (unit:  Pa) 
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UNIT  OPERATION  AND  REACTION  MODULES 
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MODULAR  ASSEMBLY  OF  MICROREACTOR 
COMPONENTS 
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STANDARDIZED  HOUSINGS  FOR  DIFFERENT 
MICROREACTOR  COMPONENTS 
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MICROREACTION  SYSTEMS  (1996-1999): 
MULTIPHASE  REACTORS 
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FALLING-FILM  MICROREACTOR 


DIRECT  FLUORINATION  OF  TOLUENE  IN  ACETONITRILE: 
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MICROREACTOR  FOR  ETHYLENE  OXIDE  SYNTHESIS 
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MEMBRANE  MODULE  FOR  GAS  SEPARATION 
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SCHEMATIC  LAYOUT 
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MICROREACTOR  FOR  PERIODIC  OPERATION 
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MICROREACTOR  FOR  PERIODIC  OPERATION 
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HIGH  THROUGHPUT  MICRO  MIXER: 
FLOW  SilMULATION 
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HIGH  THROUGHPUT  MICRO  MIXER 
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Microehemieal  Systems  Development 
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Chip  Reactors  -  MIC  Process 
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MIC  COMMERCIAL  CELL  CONCEPT  A 


MIC  HOT  GAS  SYSTEM  CONCEPT 


DUPONT  CONFIDENTIAl 


OBJECTIVE:  DEVELOPMENT  OF  MICROSCALE  REACTOR 
FOR  ON-SITE  GENERATION  OF  HCN  FOR  SMALL  VOLUME 
APPLICATIONS  SUCH  AS  DYE  MANUFACTURING,  VITAMIN 
AND  DRUG  PRODUCTION,  ETC.  HYDROGEN  CYANIDE  IS 
COMMERCIALLY  PRODUCED  VIA  ONE  OF  TWO  ROUTES:  THE 
DEGUSSA  AND  ANDRUSSOW  PROCESSES.  WHILE  THE 
ANDRUSSOW  PROCESS  IS  ECONOMICAL  FOR  LARGE  SCALE 
PRODUCTION,  THE  YIELD  OF  HCN  IS  LOW  REQUIRING 
EXTENSIVE  PURIFICATION  STEPS.  THE  DEGUSSA  PROCESS 
PROVIDES  HIGHER  YIELDS  OF  HCN  AND  USABLE  BY¬ 
PRODUCT  HYDROGEN,  BUT  COST  OF  THE  PT  COATED 
CERAMIC  TUBES  IS  HIGH,  HEAT  TRANSFER  EFFICIENCY  IS 
LIMITED,  AND  THE  RISK  ASSOCIATED  WITH  THERMAL 
STRESS  OF  EXPENSIVE  CERAMIC  COMPONENTS  IS 
FORMIDABLE.  THE  PRODUCTION  OF  HCN  FROM  A  SINGLE 
FEED  SUCH  AS  METHYLAMINE  OR  FORMAMIDE  MIGHT 
PROVIDE,  FROM  A  FLOW  CONTROL,  SEPARATION,  AND 
THERMAL  STANDPOINT,  A  RELATIVELY  SIMPLE  SOLUTION. 


ANDRUSSOW  PROCESS 

CH4  +  NH3  +  3/2  02  - >  HCN  +  3H20 

AH  =  -114KCAL/GM0L 

DEGUSSA  PROCESS 


NH3  +  CH4  - ->  HCN  +  3H2 

AH  =  +60  KCAL/GMOL 

METHYLAMINE  DECOMPOSTTTON 

CH3NH2 - >  HCN  +  2H2 

AH  =  +38  KCAUGMOL 
accounts  for  virtually  all  (>95%  )  of  the  methyJaminc  reacted 


Synthesis  of  HCN  from  Monomethylamine  Using  Thermal  Heating 


Catalyst;  90/10  Pt/Rh  Gauze 

Reactor  Location:  At  the  top  of  heating 

zone 
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Synthesis  of  HCN  from  Methane  and  Ammonia  Using  Induction  Heatiui^ 
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Hz  Fuel  Requirement  is  Major  Hurdie 


MAKING  HYDROGEN  FOR  PEM  FUEL  CELL  S 


EVALUATING  FUEL  OPTIONS 
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Infrastructure  and  distribution 

Fuel  availability,  reliability  of  supply 


HYDROGEN  OPTIONS  FOR  FUEL  CELLS 
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Robust  to  automotive  environment 


GASOLINE”  FOR  VEHICLE  HYDROGEN  PRODUCTION 
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High  temperature  needed  for  soot-free  operation 

Heat  integration  more  difficult,  system  more  complex  than  methanol 


US  FUEL  DISTRIBUTION  FACTS 
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residential  sites 

Domestic  and  direct  pipeline  imports  (Canada) 

Shipped  overseas  as  LNG 

Worldwide  “excess”  capacity  is  located  remotely 


E 

o 

(0 

> 

(/) 

0) 

3 

u. 

_o 

!E 

0) 

> 


>. 

u 

c 

0> 

o 

iE  '£ 

lij  .E  ^ 

■K  w  o 

Z  (0 

0  w  (0 

c  ^  is 

*c  ^ 
c  ^  <D 

il  O) 

o  ^  ^ 
is  <U  o 
o  c  ^ 
Q  0  3 

0)  0  S 

O  ^  ^ 
§  ■«  “= 

LL  O 

C 

(S 


U) 

II 

o  a> 

0  3 

*-  © 
■N 

O)  ^ 
c  c 

c  .2 

‘,3  W 
0  © 
^  © 


© 

3 

© 

n 

V3 

© 

© 

3 

O 

*■* 

© 

o 

3 

O 


Q. 

E 

o 

o 

■N 

O) 

c 

•|S: 
E  o 

3  C 
Q.  © 

■'  *o 


© 


i'S 
S  S  S 
::  s  -5) 

"S  <=-  “ 

c  c 

o  .2  c 

2  3  .2 

S  €  fS 

C 

o  .2  S 
O  Q  3 


© 

E 

© 

+i* 

© 

«  8 

"  3 

o  O) 

£ 

^  I 

=  o 
©  c 
o  ^ 

©  © 
3  © 

LL  n 

O  o 
.3 

©  3 

2  n 

©  '3 

E  to 

«  ■■5 

lU  -o 

g-  s 

c  c 
©  o 

o  '■*- 
”  o 

$=  3 

111  73 

>.  o 

O)  Q, 

© 

c 

LU 


© 

o 

o 

©  -r 
0  © 

■o  S: 

©  ^ 
o  II 
©  0 
■O  3 

V- 

o  C 

-  o 

■g  TO 

“  i 

8  = 

1  S.  c 

£  "S  2> 

.2  >  S 
0^-0 
3  >  ^ 

O  =  - 

2  «  o 

—  >.  "O 
©  u  © 

■z  C  TJ 
■ft;  ©  © 

I  1  s 

1  ?  2 

©  E 


©  .2 
o 

©  — 
O)  ^ 

©  « 
-1  Q 


O 

© 

© 

© 

o 

o 


© 

3 


Figures  for  Methanol  and  Gasoline  have  large  uncertainty 
Transients,  start-up/shut-down,  drive  cycle  all  have  large  impact 
PEMFC  efficiency  better  understood 

Improvements  in  performance  possible 
Efficiency  influenced  by  use,  transients,  cycle 


ENERGY  EFFICIENCY  ESTIMATES 
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Production  Fuel  Processor 


Fuel  Train  Strategy 


cn 

m 


fN 

n: 

m 

JU 

3 

flL 

fii 

S 

a 

a  ns 

B  LU 


3 

a 

o 

CD 


U 

a 

a 


a 

—  WJ  w  » 

g  o 

a  4-.*  2  5 

u.  a  a-  ^ 
«  c  ^  u 
®  a  si 

s  ,s 

c  “  -  _ 

o  ra  «)  n 

(0  s  c  •- 

>5  S  |B  u 
O  s  i_  i» 
a.  —  1=  09 

^  «  TO  E 

e  a  a  E 
o  a  a  o 

U  B  B  U 


a 

VI 

s 

o 

V) 

B  a  B 
.  u  a 
»  g  o  X 
E  S  z 


a  ^ 

£  !5 
o  a  _ 
3C  a  ,E 


"a 

o 

o 

o 


o 

CJ 

p  ° 

a  » 
99 

®  2 

2  « 

^  a 

X2  «/> 
a 

^  a 

It, 


a 

V) 

c 

o 

a 

CA 

a 

B 


a 


P  G 


&. 

c 

O 

Q 

u 

O 

a 

B  3 

c 

O 

a 

■  &. 
z  ^ 

QJ  “ 

CD 

2=  a 

B 

a  u 

U 

<1^  . 

—  fi. 

c±r 

c  £ 

a 

.=  a 

u 

LU  K 

3 

o 

C/l 

VI 

3 

a 

a 

B  ^ 
35  a 
o  £ 

u  u. 


VI 

s  ™ 

a  c 
^  « 

I 

^  c 
4^  iS 


Z 

1  €» 

a 

a  » 

a  a 

35 

o 

G 

f/3 

£/l  u 

u 

•a 

a 

CD 


2^ 

07 


at  550  &  26B*^C 


Reformer  Temperature  Affects  Product  Ratios 
(Basis:  H/C  =  1.8, 0/C  =  1.1, 3  atm.) 
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Carbon  Deposition  Limits  -  Air  POX 


Basis;  HSC  3  atm.  C  H  O  /  C  Ratio 


Carbon  Deposition  Limits  vs  Water  Addition 


Basis;  Cairns  2.5  atm.  H.O  /  C  Ratio 


Carbon  Deposition  Depends  on  C/H/0  Ratios  and  Temperature 
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WATER  GAS  SHIFT  (WGS) 
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Overall  System  Efficiency  for  i-Octane  POX  Reformer  Train 


Part  li:  Hydrocarbon  Processor  Development  Issues 
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Competing  Technoiogies  -  Internal  Combustion  Engine 


Logistic  Fuel  Processor  Issues 
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Aqueous  Impurities  (NaCI,  carbonates,  sulfates) 

-  Solids  accumulate  on  heat  exchange,  catalyst  surfaces 
.  Cl‘  poisons  low  temperature  shift  catalyst 


Conclusions 
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Aqueous  impurities 
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Partial  Oxidation  in  Millisecond  Reactor 

Lanny  Schmidt 
Uaiversity  of  Minnesota 

Monolith  Reactors: 

•  10,000  microreactors  in  parallel 
'  10  tons/day  from  a  1  liter  reactor 

1 .  Methane  to  Syngas 
2  .  Ethane  to  Ethylene 

3 .  Alkanes  to  Oxygenates 

4 .  Catalytic  Wall  Heat  Exchange  Reactor 
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CATALYTIC  PARTIAL 
OXIDATION 
OF  ALKANES 
AT  MILLISECOND 
CONTACT  TIMES 


Lanny  D.  Schmidt 

Department  of  Chemical  Engineering  and  Materials  Science 

University  of  Minnesota 
Minneapolis  MN  5S455 


Convert  light  alkanes  to  fuels  and  chemicals 
more  gas  and  gas  liquids  than  crude  oil 
the  major  technology  goal  for  the  next  20  years 


Potentially  revolutionary 

reactor  10^  smaller 
no  process  heat 


Goes  back  to  19th  Century 

Michael  Faraday 
Ostwald  HNO3 
Andrussow  HCN 


Potentially  hazardous 


^5" 


Monolith  reactor 


Monolith 

Catalyst 


Millisecond  Reaction  Systems 

process  S  X  catalyst 

methane  to  syngas  95%  95%  Rh  monolith 

methane  to  HCN  70  90  Pt  gauze  pack 

ethane  to  ethylene  70  90  Pt  monolith 

alkanes  to  olefins  70  90  Pt  monolith 

butane 

to  oxygenates  40  25  single  gauze 

to  olefins  35 

methane  to  acetylene  2  5  80  Pt  monolith 


adiabatic  reactor 
no  preheat 
no  diluent 

x<5  milliseconds 
O2  conversion  is  100% 


Catalytic  partial-oxidation  reactions  can  convert  alkanes  and 
O2  or  air  into  useful  chemicals  with  high  selectivities: 
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METHANE  OXIDATION 


CH4  +  I  O2  ^  CO  +  2H2 
+  202  C02  +  2H20 

^  Cs  +  2H2 


steam  reforming 

CH4  +  H2O  ^  CO  +  3H2 


3SA 


Methane  Conversion  Hydrogen  Atom  Seteciivity 


SCALEUP 

10  t/min,  v=l  m/sec,  d=1.7  cm,  1=1  cm 


30  Ib/day 

of  syngas  with  5%  impurities 
or 

ethylene  with  40%  impurities 


1  foot  diameter  disc  at  lab  conditions 


-X- 

1.5  tons/day 


1  foot  diameter  disc  at  30  atm  and  10  m/sec 

(not  proven) 

500  tons/day 

500  watts  ^  2MW 

1  gram  catalyst  250  grams 
100  cm2  surface  area 

No  deactivation 

No  coke 


ETHANE  OXIDATION 


C2H6  +  O2  2CO  +  3H2 
C2H6  +  I  O2  C2H4  +  H2O 
+  I O2  ^  2CO2  +  3H2O 
— ^  2Cs  +  3H2 


steam  cracking 

C2H6  C2H4  +  H2 
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Negligible  emissions 


Homogeneous  vs. 
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A)  Monolith/Conventlonal  Preheat 
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B)  Monolith/Autothermal  Operation 
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C)  Single  layer  of  Gauze 


D)  Monolith/Chemical  Preheat 
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Department  of  Chemical  Engineering  and  Materials  Science 

University  of  Minnesota 
May  19,  1999 


Eliminating  Heat  Transfer  Limitations 
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Catalytic  Wall  Reactor 


endothermic 
reactants  f  ^ 

exothermic 


fuel  reactants 


catalytic  waif  reactor 


manifold 


5o0 


y 

CATALYST  DESIGN 

fast,  exothermic,  series  reactions 
C2H6  ^  C2H4  ^  Cs  CO 
remove  O2  quickly 


®  Convective  flow  through  catalyst 

monolith  / 

channels  ^ 

no  dead  end  pores 


‘  Short  contact  time 

remove  products  quickly 
reduce  homogeneous  reactions 


®High  mass  transfer 

rough  surfaces 
tortuous  path 


®High  heat  transfer 

backflow  of  heat 
prevent  blowout 
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Radically  Different  Chemistry 

and  Reactor 


1.  400OC  hotter 

T-lOOOoC 

2.  10  to  1000  times  faster 

T-1  millisecond 

3.  Enormous  throughput 

1  ton/day  from  100  grams  of  catalyst 
GHSV-^106  hr-l 
TOF*^108  sec  1 

4.  Nonequilibrium  products 

1/2  of  alkane  should  form  graphite 
olefins  and  oxygenates  should  not  form 

5.  Surface  area  not  important 

identical  results  with  0.1  to  20%  metal 
want  channels,  not  pores 

6.  Chemistry  cannot  be  dissected 

many  steps  not  measurable  individually 
homogeneous  steps? 


Summary 

Ethylene  from  Ethane  by  Partial  Oxidation 

C2H6  +  1/202  -4  C2H4  +  H2O 
feed  2/1/2  C2H6/O2/H2 

85%  selectivity  at  >70%  conversion  using  PtSn  with  Hi 

less  than  1  millisecond  residence  time 

thermodynamics  predicts  <1%  ethylene,  mostly  CO  and  CH4 

Mechanism  is  catalytic 

Hi  +  02—^  HiO 
followed  by 

C2H6  C1H4  +  H2 

Feed  2/1  H2/O2  mixture 

nonflammable  with  ethane  present 

ethane  enters  into  homogeneous  chemistry  and  quenches 

All  H2  recovered  with  2/1/2  feed 

COx  decreases  from  25%  without  Hi  to  <5%  with  H2 

completely  shut  of  C  oxidation  channel  even  at  1000»C 
entropy  argues  that  high  selectivity  only  possible  at  low 


Production  of  Oxy 
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3)^0 


Dcparlmenl  ot  Chemical  Engineering  and  M 

University  of  Minnesota 
20  May  1999 


usSiCxO  JO  pnj  JO  uopj9AU03  % 


90%  Pt-iO%  Rh  40-tnesh  single  gauze 
2.5  SLPM  feed,  30%  N,  dilution,  r„  =  200°C.  and  P  =  3  osie 


Singie-Gauze  Catalyst 


5^3 


X  ourrace-assisted  homogeneous  reaction 
'A'  Rapid  quenching  non-equilibrium  products 


Surface-Assisted  Homogeneous  Pathways 


3^4 


C7+  oxygenates 


Summary  of  Results  for  Cyclohexane  Partial  Oxidation 
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★  CO^  selectivities  similar  (surface  mechanisms  comparable) 

★  No  C<i  or  Q  oxygenates  in  foam-monolith  reactor 


COMBUSTORS  FOR  MICRO  HEAT  ENGINES 
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THE  MIT  MICROENGINE  PROJECT 


0) 

4-* 

o 

n 

(0 

c 

o 

w 

(0 

0) 

"S 

E 

k. 

0) 

4-* 

o 

e  i 

(0  UJ 


o 

v> 

mwmm 

E 

0) 


V. 

Q> 

O 

Q. 


O 
O 

w 
»►- 

o  _ 

c  O 

.2  w 

(/) 

(0  (0 

.2  o 

S  g 
o  ^ 

o 

E  o 

c  c 

■-  <D 

(0  C 

®  S 

^  s- 

c  O 
(0  (1) 

<  -S 

I 


w  2 
0  o 

£  ^ 


(0 

c 

o 

■■■■ 

(5 

o 

MWB 

Q. 

Q. 

< 


D) 

C 

0 

0 

C 


0 

C 

0 

o> 


^  0 
1-  O 
3  'C 

4^ 

0  ^ 
O  LU 


0 


0 

0 

O) 


0 

QC 


0 

0 

O 

iS 

■N 

0 

JL. 

o 

0 

0 

0 

a 

E 

o 

o 

0 

Q. 

E 

3 

Q. 


0 


O 

n 


0 

o 

o 

H  cc 


I 


I 


I  I 


-  other  heat  engines 
Principal  figure  of  merit: 

-  Power  density  (W/m^) 

-  ~  1 /length-scale 


MICRO  ENGINE  “DEVELOPMENT”  ORGANIZATION 


Number  of  Mechanical  Components 


MACRO”  vs.  “MICRO”  GAS  TURBINES 
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HIGH  POWER  DENSITY  THERMODYNAMIC  CYCLES 

-  Physical  Requirements  - 


MICROENGINE  FABRICATION  PROGRESS 
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Thrust  specific  fuei  consumption 
*  w/o  afterburner 


^ENGINES  ARE  NOT  SCALED-DOWN  BIG  ENGINES 
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POWER  DENSITY 


heating  rate  =  2x1 0^  MW/m^-atm 


MEMS  POWER  DENSITY 


o 

o 

mmmm 

> 

0) 

O 


0) 

0 

■■■■ 

0 

0  w 
0 

E  « 
.3  0 

£  o 

Z=  0 


0 

o 

o 


E 


0 

0 

ii. 

0 

0 

0 

0 

o 

0 

0 

0 

0 

3 

o 

3 

0 

0 

[0 

E 

0 

0 

E 

0 

E 

0 

0 

0 

0 

0 

■i^ 

0 

0 

0 

0 

+-• 

0 

c 

C 

c 

O) 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

E 

1 

c 

0 

0 

0 

0 

0 

D) 

0 

0 

0 

0 

■  MM 

■■■■ 

0 

■  HM 

0) 

CHEMICAL  KINETICS  /  RESIDENCE  TIME  CHALLENGES 


LIMITED  BY  THE  REACTION  RATE  OF  THE  FUEL 
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THE  FABRICATION  AND  MATERIAL  CONSTRAINTS  OF 
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Different  regime  for  numericai  simulations 

-  Traded  turbulence  for  coupled  heat  transfer  +  reacting  flow 
(gas  phase  and  surface  chemistry) 


MICROCOMBUSTOR  STRATEGIES 
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Designed  with  “on-chip”  igniters  and  temperature  sensors 


6-WAFER  STATIC  STRUCTURE 


15  masks,  12  deep  etches  through  3.8  mm,  5  aligned  wafer  bonds 
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TEST  RESULTS 


CATALYTIC  COMBUSTION:  TRADITIONAL  PICTURE 


Three  regions  governed  respectively  by: 

1)  Heat  transfer 

2)  Mass  transfer 

3)  Homogeneous  Reaction 


DESIGN  SPACE  FOR  CAT 

(T  =  1025  K,Xc3H3  = 


h  (microns] 


IMPLICATIONS  FOR  CATALYTIC  COMBUSTION 
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Hybrid  Si/SiC  catalytic  combustor  under  deveiopment 


COMBUSTOR  DEVELOPMENT  SUMMARY 
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stability  boundaries,  fuel  injector  configurations,  thermal  design  issues 
Parallel  catalytic  development  efforts  on-going 


KEY  ISSUES  AND  NEEDS 
-  Combustors  for  Micro  Heat  Engines  - 
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-  A  portable  power  source  with  ten  times  the  power 
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M.A.  Schmidt  -  MIT  Microchem  6/ 1 6- 1 8/99  -  24 


Multiple  Aligned  Through- W af er 
Etching  /Bonding  Protocol 
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and  release  the  free-moving  part 
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M.A.  Schmidt  -  MIT  Microchem  6/ 1 6- 1 8/9' 


x30  2mm  i .  .  .  . i _ 5i<U  _ X2mm 


Six- Wafer  Microcombustor 


<5/ 
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S  aligned  wafer  bonds 
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manufacturing  model  to  machine  tool  model 
» Increased  throughput 


Product  Lessons  Learned 
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-  Cost  justifications 

-  Analogies  to  the  IC  industry 


Integrated  Micro-fluidic  Systems 
Fabricated  in  Low  Temperature  Co-fired  Ceramic  Tapes 
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Highlights  of  Ceramic  Tapes 
for  Integrated  Mesoscopic  Systems 
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For  example,  one  can  embed  conductors,  electrodes,  resistors,  and  thermistors. 

*  Hybrid  structures:  It  is  possible  to  fabricate  hybrid  structures  consisting  of 
ceramics,  silicon,  metals  and/or  some  other  suitable  materials. 
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Green  Machining 
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Etching  of  Partially  Fired  Tapes 
Photolithography  of  Photoformable  Tapes 


Machined  Samples 
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A  200|im*200)lm  Spiral  Milled  (left)  and 
Photo-formed  (right)  in  Ceramic  Tapes 
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Nd-Y ag  laser  machined  sample  Excimer  laser  machined  sample 

( ~150  micron  wide  channel,  20X)  (~  40  micron  holes,  20X) 
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•  A  negative  photoresist  material  is  added  to  the  DuPont  951  tapes  as  part  of  the  organic 
binder  to  create  photoformable  ceramic  tapes 

•  This  new  composition  makes  possible  the  transfer  of  patterns  from  a  mask  to  the  green 
tape  using  an  optical  process  similar  to  the  photolithography. 


Pattermed  sample  using 
Photoforming  technique 
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KOH  etched  silicon  mask 


Solution:  compensated  by  design.  Shrinkage  can  also  be  controlled  by 
bonding  to  post-fired  ceramics.  High  precision  features  can  be 
machined  in  the  post-fired  ceramics. 


Lamination  pressure 


Lamination  pressure  (psi) 


Cavity  width  W  (mm) 


Firing-Induced  Deformation  and  Its  Control 
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A  FEW  BONDING  OPTIONS 
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materials  such  as  alumina,  kovar,  and  post- 
fired  tapes 


Hydrogen  Flux  from  N2/H2  into  Argon 


Firing-Induced  Deformation  and  Its  Control 


A  FEW  BONDING  OPTIONS 


xn 

O 


bO 

O 

•  1-H 

Vh 


materials  such  as  alumina,  kovar,  and  post- 
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Glass  and  Metal  Fittings 
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3.  Metallization  and  Brazing 


Multi-layered  Structures 

with  Glass,  Metals  and  Ceramic  Tapes 


Silicon  Plate  Sandwiched  Between  and  co- 

Fired  with  LTCC 


Kovar  (Fe54/Ni29/Co!  7)  Plate  Sandwiched 
Between  and  co-Fired  with  LTCC 
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Impactor  for  inertial  separation 
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Electromagnetic  Actuators 


A  Therma!  Flow  IVIeter 


SEM  of  the  manufactured  device 


A  Thermal  Cycler  Fabricated  in  Ceramic  Tapes 


Exploded  View 


PCR  in  a  Ceramic  Chip 
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Temperature  Cycling  (Measured  Data) 
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IMP  ACTOR  (Inertial  separation  of 

particles  from  a  gas  stream) 


Top  and  Bottom  Views  Principle  of  Operation 
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Experimental  Set  -  Up 


Channel  cross-section:  200|a,mx200|J.m  Re=30 


Electromaanetic  Actuator 
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Electromagnetically  Actuated  Valve 
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Mesoscopic  Machines: 
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Mesoscopic  Machines  slide  45 
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Mesoscale  Machines:  Technical  Building  Blocks 
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-  Micromachining,  surface  finish,  warpage 

-  Component  assembly  and  packaging 
Prototyping  vs.  cost  effective  manufacturing 
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Bistable  Electrostatically  Activated  Mesoscopic  Pumping 

Honeywell 

Electrostatic  actuation  is  ideal  at  the  meso-scale 
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Efficiency  of  an  Electrostatic  Pumping 
Channel  is  Optimized  in  the  Meso-Regime 

Honeywell  Technology  Center 


Electrostatic  Meso-Cooler 
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High  COP,  Light-Weight  Electrostatic  M^so-Cooler 

University  of  Illinois  at  Urbana-Champaign 
Surface  roughness  ~  1  nm  (better  than  specs)  Heat  exchangers  (better  than  specs) 
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Necessity  is  the  Mother  of  Invention 
and  Meso  Is  Happy  to  Participate! 
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We  Need  Good  Heat  Exchangers  With  Low 
Pressure  Drops:  Does  Size  Matter? 
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Mesoscale  Turbine  Engines 

M-Dot,  Inc. 

Gas  Turbine  Driven,  Electric  Power  Generator 


0 

TO  Q- 

§'  I 
§■  ^ 
^  CO 

:9  o 

0  ^ 


D)  > 

o  0 

rT^  <1> 

^  O)  -C 

t  ^  O 

C  CD 

0  M—  >4-' 

^  o  = 

z  ^ 

CO  N  C 

0  0  O 


H  CO 


—  0  ■  ■ 

•  3  0  i-  -t-* 

■  “S  S  3  g  1o 

0  0  0  .Si  D 

^  t  ’E  -Q 

^  o  O  ^  lt=  o 

O  □_  CL  ^  UJ  0^ 


0 

TJ 

0 

0 

Q. 

0  0 
0 

0  13 

S-.  0 

0  0 

11 

C  CO 

^  -g 

O  ^ 

:g  v2 
j-  T3 
0  C 
T3  0 

i  ^ 

^  O) 
C  w 

O  ^ 
0“^ 

0  ? 
D)  0 

5  C  0 
0  Ljj  m 

^  •  • 


i  2 

■C  E 

I  8 

0  o 
E  o 
2.  °3 

0  C 

-  g 
.25  0 
0 

0  O) 

i= 

—  M— 

3  0 

E  5 

s  ^ 

42  o  o 

Q.  ^  ^ 

CO  •  • 


0 

0  £ 
/IN  ^ 


C 

I  ■■§ 

o  2 

■O  0 

^  -g^ 

o  4= 


o 

.2  0 

2  0 
0  ^ 
05  O 
•il  Q. 
.  • 

0  ±: 
>-  0 
O  0 

■§•3 

O  0 

0  E 
0  o 
^  O 


Animal  Locomotion:  Biological  Inspiration  Toward  the 

Design  of  New  Meso-Robots 

Robert  Full,  Department  of  Integrative  Biology,  UC  Berkeley 
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Meso-Scale  Electrochemical  Fabrication  (EFAB) 

ISII  University  of  Southern  California 
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Direct-Write  Passive  Components 

Potomac  Photonics  Inc. /Naval  Research  Laboratory 
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Defense  Sciences  Office 


Defense  Sciences  Office 


Developing  Conducting  Polymers 

for 

Charge  Storage  Applications 


J  G.  Killian,  Y.  Gofer,  H.  Sarker,  J.  Giaccai, 

T.  O.  Poehler,  and  P.  C.  Searson 

Department  of  Materials  Science  and  Engineering 
The  Johns  Hopkins  University 
Baltimore,  MD  21218 


Motivation 


•  Conducting  polymer  electrodes 

-  Cheap;  easy  to  process. 

-  Improve  charge  storage  properties  of  electronically 
conducting  polymers  through  substituents  and 
copolymerization. 

-  Develop  improved  synthetic  approaches  and 

alternative  processing  techniques. 

•  Electrolyte  Development 

-  Investigate  salt/solvent  combinations  appropriate  for 
polymer  electrode  material  of  choice  and  processing 
method. 

•  Battery  Prototype  and  Testing 

-  Develop  methods  and  materials  to  produce  batteries 
based  on  conducting  polymer  technology  and 
incorporating  current  battery  fabrication  techniques. 
Large  redox  window 


High  charge  capacity 
Low  capacity  fade 


Common  Electronically  Conducting  Polymers 


Polyacetylene 


Polyparaphenylene 


Polythiophene 


Features 

•  •-conjugation 

•  extended  chain  length 

•  planarity 

•  stereoregularity 


TT-orbitals 


Conducting  Polymer  Electrochemist 


Designing  Monomer  Structures 


Polythiophene 


moderate  p-doping  (-0.16  e/mu) 
low  n-doping  (-0.10  e/mu) 


^  goal:  improve  doping  levels 


improves  p-doping  (-0.25  e/mu) 
and  n-doping  (-0.25  e/mu) 


goal:  control  electronic  properties 


substituent  influences  n-doping; 
no  effect  on  p-doping 


Polyparaphenylene 


Electronic  and  Steric  Effects  of  Substituents 


•  Previous  work  on  polyfluorophenyl  thiophenes  systematically 
incorporated  F  on  a  pendant  phenyl  ring  to  influence  the 
electronic  properties. 


Hammet  a  Value 


^  0.3 

3“ 

E 

^  0.25 
0) 

o  0.2 
Q 

O) 

I  0.15 

T5 

I 

z 

0.1 

0.0  0.2  0.4  0.6  0.8 


Hammet  a  Value 


•  Refs.:  H.  Sarker,  et  al,  Synth.  Met,  88, 179  (1997). 

Y.  Gofer,  et  al,  J.  Electroanal.  Chem.,  443, 103  (1998). 


Electrochemical  Doping:  Fluoro(Dhenvl-thiopheneVs 


Electronic  and  Steric  Effects  of  Substituents  (cont.) 

•  In  multi-ring  monomers,  both  electronic  and  steric  influences  of 
substituents  are  important. 


Monomer 

Substituent 

<i)n  9(!L 

THB 

1 =2  =  3  =  4  =  H 

36.0  36.0 

TFP 

1=2  =  4  =  H,3  =  F 

38.0  46.0 

T2FP 

2  =  4  =  H,  1=3  =  F 

46.9  46.9 

T4FP 

LL 

II 

II 

CO 

II 

CM 

II 

89.1  89.1 

•  Fluorine  (electronegativity) 

•  Steric  influence  (modify  •-orbital  overlap) 


5^^ 


Electronic  and  Steric  Effects  of  Substituents  (cont.) 
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Number  of  Fluorines 
on  Phenylene  Ring 


Number  of  Fluorines 
on  Phenylene  Ring 


•  N-doping:  0.12  -  0.19  e/mu 
(13 -19  mAh  g'^) 
Upeak  negative  with  F 

Capacity  ->  increase  with  F 


•  P-doping:  0.15  -  0.45  e/mu 
(13-50  mAh  g'^) 
Upeak  ^  positive  with  F 
Capacity  decreases  with  F 


•  Electronegativity  and  steric  effect  of  substituents  increases  the 
thermodynamic  barrier  to  electron  withdrawl  and  directly 
influences  the  polymerization  potential  and  the  doping  levels. 

•  Refs.:  H.  Sarker,  et  al,  Synth.  Met,  97, 1  (1998). 

J.  G.  Killian,  et  al,  Chem.  Mat,  to  be  published. 


Electrochemical  Doping:  Fluoro(Dhenvlene-thienvlVs 


q 

r<i 


^  O  o 

p  p  q  q  q 
r4  (N  r-J  ^ 


(a$)^$suo  >ie«d 

uondiosqv  pez!|ei|n©N 


Conducting  Polymer  Film  Morphology 


Plan  view  SEM  micrographs  of  an  as-deposited  pTFPT  film 
electropolymerized  on  Pt  substrates.  The  images  illustrate  the 
continuous  nature  of  the  film  and  the  characteristic  nodular 

structure. 
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Battery  Applications:  Cell  Electrochemistry 


For  an  all  polymer  battery 

•  n-  and  p-dopable  material  anode  and  cathode 

•  high  doping  density  ->  high  specific  capacity 

•  maximize  AUp^g,^  ^  high  operating  voltage 


Cy  conditions:  pTFP  in  0.25  M  TBABFyPC 
V  =  25  my  s’^ 
d  =  5  pm 


Electrochemical  Doping:  Battery  AoDiications 
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electrons  per  monomer  unit,  first  cycle;  electrolyte  =  0.25  M  TBABPyPC 


Battery  Applications:  Cell  Construction 


p-3,4,5-TFPT 


pTFP  - ► 


0.25  M 
TBABF4/PC 


Half  Cell  Reactions  (discharge) 

Anode:  [p-3,4.5-TFPT]-  •  TBA"  ->  [p-3,4.5-TFPT]°  +  TBA"  +  e 
Cathode:  [pTFP]"  •  BF;  +  e  ^  [pTFP]°  +  BF; 


Experimental:  anode/cathode  films  -  d  =  70  pm  /  40  pm 
charge/discharge  @  250  pA  cm  ^ 


Battery  Applications:  Results  and  Trends 

.  3,4,5-TFPT  /  0.25  M  TBABF,  +  PC  / 1  Fa-a 


Specific  Capacity  (mAh  g  ) 


Cell  Performance 


V 


average,  discharge 


=  2.75  V 


(corresponds  to  AUp^^,,  in  cyclic  voltammetry) 


V 


maximum 


=  3.20  V 


(corresponds  to  in  cyclic  voltammetry) 

•  specific  capacity  =  1 6  mAh  g'^ 

(99%  of  expected  from  electrochemistry) 

•  cycling  efficiency  =  99.14% 

(lower  than  expected  from  electrochemistry) 


Battery  Applications:  Results  and  Trends 


Maximum 

Average 

Cell 

Discharge 

Specific 

Capacity 

Cell 

Potential 

Potential 

Capacity 

Fade 

(V„.) 

(^average) 

(mAh  g  ') 

(%  per  cycle) 

a 

3.2 

2.75 

16.0 

0.86 

b 

2.9 

2.5 

11.5 

0.90 

c 

2.9 

2.6 

12.6 

0.34 

a  3,4,5-TFPT  /  0.25  M  TBABF,  +  PC  / 1  Fa-a  cell 
Ref.:  J.  G.  Killian,  et  al,  Chem.  Mat,  to  be  published, 
b  3,4,5-TFPT  /  3.7  wt.%  PAN  +  0.25  M  TBABF4  +  PC  /  3,5-DFPT 
Ref.:  Y.  Gofer,  et  al,  Appl.  Phys.  Lett.,  71, 1582  (1997). 
c  3,4,5-TFPT  /  0.25  M  TBABF4  +  Sulfolane  /  3,4,5-TFPT 

Ref.:  J.  G.  Killian,  et  al,  38th  Power  Sources  Conference,  Cherry  Hill,  NJ,  8  - 1 1 
June  (1998). 


Battery  Applications:  Resuits  and  Trends  (cont.) 


cell  performance  can  be  predicted  from 

•  corresponds  to  in  cyclic  voltammetty. 

9  corresponds  to  in  cyclic  voltammetry. 

•  Specific  capacity  95  -99%  of  that  expected  from 
electrochemistry. 

•  Cycling  efficiency  is  generally  lower  than  that  expected  from 
electrochemistry. 


Trends  in  Materials  Development 


•  Improve  electronic  conduction  via  a  polyfunctional  monomer 


•  Basis  for  monomer  selection: 

thiophene  moiety  n-  and  p-dopable 
paraphenylene  moiety  ^  high  doping  density 
fluorine  substituted  ->  influence  band  gap  and  doping 

properties 

p-p’  linkage  ^  •-conjugated  crosslink 

improve  electronic  conduction 


Conclusions 


Materials 

•  Four  series  of  monomers  and  corresponding  polymers 
have  been  designed  and  synthesized. 

•  Both  chemical  and  electrochemical  polymerization 
produce  electroactive  materials. 

•  Predictable  electrochemical  properties  dependent  upon 
electronic  and  steric  effects  of  substituents. 

•  Materials  may  be  reliably  characterized  by  electrochemical 
and  spectroscopic  techniques. 

Batteries 

•  Secondary  batteries  based  on  conducting  polymers  have 
been  demonstrated. 

•  Electrochemistry  results  translate  into  battery 
performance. 

•  Solvent/electrolyte  effects  on  cell  performance  are  not  well 
understood. 

Structure-property  relationship  and  ability  to  design  monomer 
structure  suggest  method  to  improve  conducting  polymer’s 
electrochemical  performance  for  battery  applications. 


MICROLAMINATION  FOR  MICROTECHNOLOGY-BASED  ENERGY  AND 
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ABSTRACT 

Microlamination  is  a  process  for  fabricating  micro  and  meso 
scale  systems  having  intricate  arrays  of  components  interconnected 
within  a  single  block  of  metal,  ceramic,  or  polymeric  material.  The 
process  begins  by  surface  machining,  or  through  cutting,  individual 
laminates  with  patterns  containing  the  desired  structure.  The 
laminates  are  often  shims  of  a  base  material  having  desirable 
mechanical  and  thermal  properties  important  to  the  functioning  of  the 
final  device.  Once  the  patterns  are  cut,  the  laminates  are  surface 
treated  and  stacked  in  a  prearranged  order.  Bonding  then  takes  place 
forming  a  single  block  of  material.  Some  post  processing  of  the  block 
can  be  performed  to  dissociate  internal  structures  if  needed.  This 
paper  describes  work  being  accomplished  at  Oregon  State  University 
on  the  microlamination  process.  The  paper  emphasizes  laser 
micromachining  of  metal  and  polymeric  laminates.  Laser  techniques 
covered  include  pulsed  Nd:YAG-based  micromachining  at  the 
fundamental  and  higher  harmonics.  Also,  examples  of  CO2  laser 
machining  are  presented.  Process  descriptions  are  provided  and 
examples  given  of  micro  and  mesoscale  components  needed  for 
producing  devices  useful  in  the  energy,  chemical,  and  biological  areas. 

INTRODUCTION 

Microtechnology-based  Energy  and  Chemical  Systems 
(MECS)  are  devices  that  rely  on  embedded  microstructures  for  their 
function.  The  overall  size  of  MECS  devices  places  them  in  the 
mesoscopic  regime,  i.e.  in  a  size  range  between  macro  objects  such  as 
automobile  engines  and  laboratory  vacuum  pumps,  and  the  intricate 
MEMS  based  sensors  that  reside  on  a  silicon  chip.  Thus  MECS, 
although  having  microfeatures,  are  large  by  MEMS  standards 
straddling  the  size  range  between  the  macro-  and  micro-  worlds. 
These  mesoscopic  systems  are  expected  to  provide  a  number  of 
important  functions  where  a  premium  is  placed  on  either  mobility, 
compactness,  or  point  application.  The  internal  processes  of  these 
devices  rely  on  length  scales  that  are  much  smaller  than  traditional 
systems.  For  thermal  and  chemical  applications,  a  small  characteristic 
size  provides  the  benefits  of  high  rates  of  heat  and  mass  transfer,  large 
surface-to-volume  ratios,  and  the  opportunity  of  operating  at  elevated 
pressures.  For  other  more  mechanically  operated  meso  machines  such 
as  generators  and  motors,  small  dimensions  imply  rapid  response  and 
compact  design.  Furthermore,  these  systems  can  often  be  volume 
produced  resulting  in  substantial  cost  reduction  of  each  device.  In  the 
energy  area,  MECS  will  find  increasingly  important  uses  were  small 


scale  heat  engines,  heat  pumps  and  refrigerators  are  needed.  For 
example,  the  development  of  miniature  refrigerators  could  provide 
point  cooling  of  high  speed  electronics  and  communication  equipment 
for  enhancing  performance  (Little,  1990).  Also,  power  packs  based  on 
combustion  rather  than  electrochemistry  could  extend  operating  times 
of  electronic  devices  by  a  factor  of  ten  (Benson  and  Ponton,  1993).  In 
the  area  of  chemical  processing,  miniaturized  chemical  reactors  could 
provide  on-site  neutralization  of  toxic  chemicals  thereby  eliminating 
the  need  for  transport  and  burial  (Koeneman,  et  al.,  1997).  Because 
many  MECS  devices  rely  on  fluidic  processes,  the  same  technology 
can  be  applied  to  biological  applications.  Miniaturized  bioreactors 
could  provide  precisely  regulated  environments  for  small  groups  of 
cells  to  enhance  their  production  of  therapeutic  drugs,  or  the  detection 
of  toxic  compounds.  Such  bio-applications  could  range  from 
benchtop  research  to  large  scale  production  facilities. 

Fabrication  techniques  developed  for  IC  production  have 
been  refined  to  the  extent  of  supporting  a  multi-billion  dollar  industry. 
Chip  manufacturing  relies  on  silicon-based  processing  where 
submicron  feature  size  is  routinely  used  in  production.  MECS  do  not 
require  the  extremely  small  “line  widths”  needed  to  fabricate 
integrated  circuits.  Furthermore,  for  many  energy  applications,  silicon 
is  not  the  favored  base  material  (Peterson,  1999).  It  has  a  much  higher 
thermal  conductivity  than  is  desired  for  energy-based  applications  and 
the  material,  although  strong,  is  brittle,  expensive,  and  cannot  always 
be  tailored  to  specific  environmental  conditions.  Other  fabrications 
techniques  (discussed  in  the  next  section)  have  been  specifically 
developed  for  MEMS.  Although  many  rely  heavily  on  silicon 
processing  (Kovacs,  1998),  others  can  produce  very  small  structures  in 
metals  electrodeposited  on  a  surface  or  within  a  micromold.  Again, 
for  MECS  applications,  the  feature  size  of  these  MEMS  fabrication 
techniques  are  usually  much  smaller  than  what  is  needed  for  MECS. 

Because  MECS  are  fundamentally  different  than  traditional 
ICs  and  MEMS,  they  require  different  materials  and  fabrication 
processes.  The  fabrication  method  discussed  in  this  paper  is 
microlamination  (see  for  example,  Haas  et  al.,  1993,  Haas,  1995, 
Wegeng  et  al.,  1997,  and  Young,  1996),  Although  it  has  been  used  in 
the  past,  and  is  currently  the  basis  for  producing  a  commercial  product 
(Anderson,  1989),  extending  the  applicability  of  the  method  to  MECS 
is  being  pursued  by  only  a  few  groups.  The  method  is  based  on  micro¬ 
lamination  of  metals,  ceramics,  and  polymers.  The  process  begins  by 
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surface  machining,  or  through  cutting,  of  a  single  laminate  with  a 
pattern  containing  the  desired  structure.  The  laminate  is  often  a  shim 
of  a  material  having  desirable  mechanical  and  thermal  properties 
important  to  the  functioning  of  the  final  device.  Once  the  pattern  is 
cut,  the  laminates  are  surface  treated  and  stacked  in  a  prearranged 
order.  The  stack  is  then  bonded  together  foiming  a  single  block  of 
material.  For  the  method  to  have  utility,  a  machining  method  capable 
of  fabricating  structures  in  the  laminating  material  is  needed.  The 
method  must  be  versatile,  easy  to  use,  and  capable  of  rapidly 
machining  (with  through-cuts  and  surface  texturing)  a  wide  variety  of 
materials.  Laser  numerically  controlled  micromachining  satisfies  these 
requirements.  Although  other  techniques  such  as  through-mask 
electrochemical  machining  is  applicable  to  shim  production,  this  paper 
will  emphasize  the  use  of  laser  micromachining  for  preparing 
individual  laminates. 

LIMITATIONS  OF  CURRENT  FABRICATION  METHODS 

Current  microelectronic  integrated  circuits  (IC)  are 
predominately  silicon-based.  MFCS,  on  the  other  hand,  require  the 
mechanical  and  thermal  properties  provided  by  other  materials.  For 
example,  many  thermally-based  applications  require  low  thermal 
conductivity  material  to  reduce  heat  transfer  (Peterson,  1998  and 
Peterson,  1999).  Other  requirements  for  subcomponents  could  be  for 
highly  fatigue  resistant  material  for  springs  or  magnetic  steels  for 
generator  and  motor  cores.  Clearly,  current  IC  fabrication  techniques 
cannot  be  used  for  constructing  the  major  components  of  energy-based 
meso  devices.  Similarly,  many  of  the  prevailing  MEMS 
manufacturing  technologies  (Warrington,  1995,  Kovacs,  1998,  and 
Guckel,  et  al.,  1991),  are  based  on  silicon,  polymers,  or  electroplated 
pure  metals  (having  high  thermal  conductivity).  Adapting  these 
MEMS  fabrication  techniques  for  the  construction  of  MECS  would  be 
difficult  to  achieve. 

A  second  requirement  for  MECS  construction  is  the  need  for 
a  “vertical”  fabrication  method  for  high-aspect-ratio  features.  Micro 
channel  arrays  with  20-to-l  aspect  ratios  are  commonly  needed  for 
heat  exchangers  and  regenerators.  Other  MECS  designs  may  call  for  a 
small  gap  between  adjacent  sub-components  where  the  gap  is 
maintained  for  the  entire  length  of  the  structure.  Other  MECS 
requirements  call  for  heterogeneity  in  fabrication  materials  where 
electrical  and  magnetic  sections  may  require  a  metal  and  non¬ 
conducting  sections  may  need  a  polymer  or  ceramic.  Furthermore, 
electronic  chips  to  provide  processing  of  information  or 
communication  may  be  needed  in  the  overall  design  of  MECS.  This  is 
a  significant  challenge  for  current  microfabrication  techniques. 
Current  MEMS  fabrication  technology  has  not  demonstrated  the 
capability  for  producing  the  devices  envisioned  here. 

Finally,  MECS  must  be  able  to  offer  geometrical 
sophistication  at  low  cost  in  order  to  compete  with  conventional 
macroscale  energy  conversion  devices.  The  most  notable  high-aspect 
ratio  MEMS  fabrication  technology  is  LIGA  (Becker,  et  al.,  1986  and 
Ehrfeld,  et  al.,  1987).  In  addition  to  being  primarily  a  polymer 
forming  method,  LIGA  is  dependent  upon  highly  capital  intensive 
synchrotron  X-ray  generation.  Other  lower  cost  variants  of  LIGA 
(Paul  and  Klimkiewicz,  1996,  Holms,  et  al.,  1997)  are  being 
developed  to  address  this  need,  but  capital  investment  is  still  high. 
LIGA  and  the  lower  cost  derivatives  all  use  lithographic  techniques  for 
mold  making  and  electroplating  for  material  deposition.  Weaknesses 
of  this  approach  include  limited  material  selection,  limited  geometric 


complexity  (two  dimensional  structures),  and  inconsistent  pattern- 
transferring  methods  (Walsh,  et  al.,  1996).  Other  net-shape 
microfabrication  techniques  have  been  exploited  including  laser-beam 
(Ihlemann  et  al.,  1993),  electron-beam  (Brunger  and  Kohimann, 
1992),  ion-beam  (Martin  et  al.,  1996),  electrochemical  (Datta  and 
Romankiw,  1989),  electrodischarge  (Datta,  1993),  and  mechanical 
methods  (Friedrich  and  Kikkeri,  1995)  for  material  removal  or 
deposition.  However,  all  of  these  approaches  are  either  1.)  serial  in 
nature  and,  therefore,  lack  the  capability  of  economical  mass 
production,  or  2.)  involve  single  layer  thin  film  forming  and,  therefore, 
provide  limited  aspect  ratios.  No  well-established  micromechanical 
fabrication  method  currently  exists  for  addressing  MECS  device 
fabrication  requirements  in  a  low-cost,  high-volume  manner. 

Oregon  State  University,  Pacific  Northwest  National 
Laboratory  (Richland,  Washington),  and  Tektronix,  Inc.  (Wilsonville, 
Oregon),  have  been  developing  microlamination  for  high  aspect  ratio 
devices.  The  OSU  and  PNNL  (Wegeng,  1994  and  Wegeng  et  al., 
1996)  work  has  concentrated  on  MECS  while  Tektronix  has  developed 
their  process  to  mass  produce  ink-jet  print  heads  (Anderson,  1989). 
The  fabrication  methods  being  pursued  by  these  three  groups  rely  on 
building  up  a  microlamination  of  thin  shims  and  bonding  them  into  a 
composite  assembly.  Similar  to  rapid  prototyping  techniques, 
microlamination  involves  three  steps:  1.)  laminate  formation,  2.) 
laminate  registration  to  form  an  assembly,  and  3.)  bonding  of  the 
assembly.  Metal  microlamination  has  the  capacity  to  fabricate  metal 
devices  with  high  aspect  ratios  in  large  production  volumes.  This  has 
been  demonstrated  by  the  existing  production  capability  of  Tektronix. 
The  company  has  fabrication  lines  where  thousands  of  metal  ink  jet 
print  heads  are  being  produced  for  commercial  use.  Further 
development  of  this  method  with  metals,  and  other  materials  such  as 
ceramics  and  polymers,  will  require  research  of  laminate  formation 
processes,  bonding  techniques,  and  the  effects  of  non-ideal  registration 
processes. 

Table  I  lists  the  advantages  and  disadvantages  of  laser-based 
microlamination.  The  comparison  is  made  with  regard  to  the  current 
state  of  micro  and  meso  fabrication  techniques.  Although  using  laser 
micromachining  for  laminate  formation  is  an  inherently  serial  process, 
for  research  purposes,  it  offers  distinct  advantages  over 
electrochemical  machining  (an  inherently  batch-wise  process).  The 
main  advantage  is  the  rapid  progression  from  design  to  cut  laminate 
without  the  need  for  generating  a  mask.  For  mass  production  of  a 
mature  device,  chemical  and  electrochemical  processes  probably  have 
cost  advantages  over  laser  micromachining.  However,  with  the 
continued  improvement  in  the  power  and  speed  of  laser 
micromachining,  especially  with  the  advent  of  diode  pumped  YAG 
lasers,  this  advantage  may  not  exist  in  the  next  few  years. 


Table  I 

Advantages  of  Microlannnation  with  I^er  Micromachining 
1.)  Wide:  selection  of  material-  properties  are  available  ,  to/^  suit  a^ 
particular  application.  Material  can  W  metal,  ceramic,  c^;  a  pql]^er 
with  specific  and  tailored  properties^  e.g.  low  therinalvconductiyity^: 
high  temperature  materials  can  be  usedi  or  steels  with  hi^  magnetic 
permeability.  - 
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2. )  Versatility  in  pattern  design  and  aspect  ratio.  Specific  lamination 
design  can  be  created  on  a  computer  and  then  generated  by  numerical 
controlled  laser  machining  in  relatively  few  steps.  Many  laminates 
can  be  stacked  to  provide  high  aspect  ratios. 

3. )  Quick  progression  from  design  to  final  device  —  no  masking  is 
necessary.  Mask  production  introduces  additional  steps  into  the 
prototyping  process. 

4. )  Feature  size  limitation  well  suited  for  mesoscopic  devices.  Feature 
sizes  as  small  as  10  |im  can  be  generated  (dependent  on  the  material 
being  machined).  Easy  to  generate  large  features  as  well. 

5. )  Little  shape  warpage  during  assembly  and  bonding.  Depending  on 
the  bonding  method  selected,  little-to-no  variation  in  the  laminate 
shape  is  observed.  Majority  of  shape  variation  resides  in  the 
registration  step. 

6. )  Hybrid  structures  of  different  materials  can  be  assembled  into  a 
single  package. 

7. )  Full  system  integration  into  a  single  block  of  material  can  be 
achieved  thus  providing  a  simple,  but  powerful  technique  for  system 
development. 

8. )  Dissociated  features  can  be  created  in  the  final  device  allowing 
greater  versatility  in  developing  unique  functional  sub-components  in 
the  final  product. 

9. )  Although  laser  machining  is  inherently  serial  in  cutting  features,  all 
other  steps  in  the  fabrication  process  can  be  carried  out  in  a  batch- wise 
manner. 

Tablen 

Disadvantages  of  Microlamination  with  Laser  Micromachining 

1. )  Minimum  feature  size  is  currently  limited  to  approximately  5  to  10 
fim.  This  is  dependent  on  the  thickness  of  the  laminate  being  cut  and 
the  wavelength  used.  Future  developrhents  will  allow  smaller  feature 
sizes. 

2. )  Most  structures  cut  in  single  I^inates  are  inherently  two- 
dimensional.  This  can  lead  to  design  limitations  in  the  final  device. 

3. )  Some  surface  preparation  is  typically  needed  after  laminates  are  cut 
thus  increasing  the  number  of  processing  steps. 

4. )  Some  specialized  equipment  is  needed,  e.g.  a  laser  micromachining 
system  arid  a  vacuum  hot  press  (for  bonding). 

5. )  Bonding  techniques  based  on  diffusion  soldering  and  brazing 
require  an  additional  plating  step,  V 

6. )  Laser  rriachlning  can  create  a  heat  affected  zone  along  the  cut. 

LASER  MICROMACHING  OF  LAMINATES 

Laser  micromachining  can  be  accomplished  with  pulsed  or 
continuous  laser  action.  Machining  systems  based  on  NdiYAG  and 
excimer  lasers  are  typically  pulsed  while  CO2  laser  systems  are 
continuous.  Much  of  our  experience  has  been  with  the  former  system 
using  an  Electro  Scientific  Industries  model  4420.  This  micro 
machining  center  uses  two  degrees  of  freedom  by  moving  the  focused 
laser  flux  across  a  part  in  a  digitally  controlled  x-y  motion.  The  laser 
is  pulsed  in  the  range  between  1  and  3  kHz  giving  a  continuous  cut  if 
the  writing  speed  allows  pulses  to  overlap.  The  cutting  action  is  either 
ablative,  or  semi-ablative  depending  on  the  material  being  machined 
and  the  wavelength  used  (either  the  fundamental  at  1064  nm,  the 
second  harmonic  at  532  nm,  or  the  third  harmonic  at  355  nm).  The 
drive  mechanism  for  the  laser  is  a  digitally  controlled  servo  actuator 
giving  a  resolution  of  approximately  2  jim.  The  width  of  the  through 
cut,  however,  is  dependent  on  the  focused  beam  diameter. 


We  have  also  had  laminates  machined  with  CO2  laser 
systems.  Commercial  laser  machining  services  are  available  for 
cutting  metal  sheet  for  use  in  a  variety  of  applications,  especially  in  the 
testing  and  development  of  electrical  machinery  (motors  and 
generators).  Most  of  the  commercial  CO2  lasers  semi-ablate  or  liquefy 
the  material  being  cut.  A  high  velocity  gas  jet  is  often  used  to  help 
with  debris  removal.  As  with  the  NdiYAG  systems,  the  laser  (or 
workpiece)  is  translated  in  the  x-y  directions  to  obtain  a  desired 
pattern  in  the  material.  Comparative  advantages  of  each  system  are 
that  CO2  laser  systems  generate  more  power  and  can  cut  through 
thicker  material  (upwards  of  several  millimeters),  but  the  Nd:YAG 
systems  provide  smaller  spot  sizes  giving  much  greater  capability  for 
micromachining  of  thin  laminates.  When  cutting  metals,  both  systems 
benefit  from  post  cleanup  of  the  laminate  using  either  a  chemical  wash 
or  physical  polishing  to  remove  debris.  For  microlamination,  it  is 
critical  that  no  ridging  or  crust  remain  on  the  laminates.  Laser 
micromachining,  in  the  non-ablative  mode,  produces  some  of  these 
non-desirable  features  on  the  cut  surface.  Thus,  post  clean  up  of  the 
part  is  necessary.  However,  with  an  ablative  mechanism,  such  as  that 
obtained  when  cutting  polyimide  or  even  some  metal  with  UV 
radiation,  little  post  cleaning  is  needed. 


Figure  1 :  Laser  machined  lines  in  90-)Lim-thick  stainless  steel.  Top 

photo  shows  front  side  while  bottom  photo  shows  back  side. 

Figure  1  shows  the  results  of  using  a  NdiYAG  pulse  laser  to 
cut  through  90-|im-thick  steel  shim.  The  front  and  back  sides  of  the 
shim  are  shown  in  the  figure.  The  line  widths  for  these  cuts  are 
approximately  35  pm  wide,  although  with  steel,  some  tapering  is 
observed.  For  the  90-pm-thick  sample,  three  passes  were  made  using 
1  kHz  pulse  rate,  an  average  laser  power  of  740  mW,  and  a  distance 
between  pulses  of  2  pm.  Also,  the  cuts  were  made  at  355  nm.  Some 
debris  and  ridging  can  be  observed  along  the  edge  of  the  cut  on  the 
front  side,  however,  this  material  is  easily  removed  from  the  surface. 


Figure  2  shows  an  edge  structure  cut  at  532  nm  before  and  after 
surface  polishing.  Average  laser  power  and  pulse  rate  were 
approximately  1  watt  and  1  kHz,  respectively.  The  material  was 
stainless  steel  having  a  thickness  of  110  \im.  An  example  of  a  CO2 
laser  cut  shim  is  shown  in  Fig.  3.  The  part  is  a  serpentine  flexural 
spring  used  in  a  miniature  Stirling  cooler.  The  part  has  been  cleaned 
with  surface  polishing  to  remove  debris.  The  CO2  through-cuts  are 
approximately  200  |im  wide  and  also  exhibit  a  slight  taper.  The  width 
of  the  CO2  laser  cut  was  the  minimum  achievable  with  the  system 
used. 


Figure  2:  Laser  machined  laminates  before  (top)  and  after  (bottom) 
clean-up  of  the  part  with  surface  polishing. 

Pulsed  Nd:YAG  lasers  have  also  demonstrated 
micromachining  in  polyimide  material  with  high  resolution  and  no 
debris  formation.  Ultraviolet  wavelengths  appear  best  for  this  type  of 
work  where  a  chemical  ablation  mechanism  is  believed  to  be  present. 
Clean,  sharp-edged  holes  in  the  25  -  50  pm  diameter  range  have  been 
produced. 

STACKING,  REGISTRATION,  AND  BONDING 

After  the  laminates  are  cut  by  an  appropriate  method, 
stacking,  registration,  and  bonding  of  the  laminates  are  necessary  in 
order  to  produced  a  completed  device.  As  an  example,  consider 
fabricating  a  simple,  functional  structure  such  as  a  micro  channel  array 
using  metal  microlamination.  The  structure  is  shown  in  Fig.  4  where 
the  end  use  could  be  a  heat  exchanger  that  rejects  thermal  energy  to 


the  environment.  Figure  4  shows  the  lamination  scheme  for 
prototyping  the  structure.  In  the  first  step,  as  previous  discussed,  the 
laminates  are  formed  by  micromachining  metal  shims.  The  second 
step  is  to  prepare  each  laminate  surface  by  cleaning  and,  depending  on 
the  bonding  method,  plating  of  a  thin  (1.0  to  10  pm)  metal  layer  on 
both  sides  of  the  laminate.  Next,  the  laminates  are  stacked  and 
registered  using  an  alignment  jig.  Finally,  the  laminates  are  thermally 
bonded  at  an  elevated  temperature  while  being  pressed  together.  This 
entire  process  produces  a  single  block  of  material  having  embedded 
high-aspect-ratio  features.  Note  that  if  sophisticated  internal  structures 
were  needed,  additional  steps  could  be  included.  For  example,  a 
patterned  etching  for  surface  relief  could  take  place  before  metal 
plating  to  ensure  specific  areas  on  the  laminates  do  not  bond  to 
adjacent  surfaces.  Also,  internal  structures  could  be  released  by 
dissociating  fixture  bridges  (discussed  later). 


Figure  3:  Serpentine  spring  cut  with  CO2  laser  machining  of  stainless 

steel  (after  clean  up).  Shim  thickness  is  250  pm. 

Once  the  laminates  are  cut  by  an  appropriate  method,  it  is 
necessary  to  stack  and  register  the  laminates.  The  stacking  order  is 
part  of  the  design  process  that  yields  internal  structures  important  for 
device  operation.  In  advanced  designs,  it  may  be  common  for  a 
hundred  or  more  laminates  to  be  stacked  to  create  a  high-aspect-ratio 
microchannel  array.  But  in  some  important  devices,  only  a  few 
laminates  are  needed.  For  example,  a  float  valve  requiring  only  five 
laminates  is  discussed  in  the  following  section.  Once  stacked  in  the 
proper  order,  each  laminate  must  be  positioned  precisely  in  relation  to 
its  neighbors.  This  process  is  called  registration  and  is  a  crucial  step 
in  the  microlamination  process. 

The  precision  to  which  laminates  can  be  positioned  with 
respect  to  one  another  will  often  determine  whether  a  final  device  will 
function.  The  complexity  may  range  from  structures  such  as 
microchannel  arrays  which  would  be  somewhat  tolerant  of 
misalignment,  to  more  sophisticated  devices  requiring  highly  precise 
alignment.  For  example,  a  small  scale  device  may  need  a  rotating  sub¬ 
component  requiring  miniature  journal  bearings  axially  positioned  to 
within  a  few  microns  of  each  other.  Registration  can  be  accomplished 
with  an  alignment  jig  that  accepts  the  stack  of  laminates  and  aligns 
each  using  some  embedded  feature  —  comers  and  edges  can  work  as 
long  as  they  are  common  to  all  laminates.  Another  approach 
incorporates  alignment  features,  such  as  holes,  into  each  laminate  at 
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the  same  time  other  features  are  being  machined.  Then,  the  alignment 
jig  can  incorporate  pins  that  pass  through  the  alignment  holes.  The 
edge  alignment  approach  can  register  laminates  to  within  10  microns 
assuming  the  laminate  edges  are  accurate  to  this  level.  With  alignment 
pins  and  a  highly  accurate  laminate  machining  technique,  micron  level 
positioning  is  feasible.  One  other  important  consideration  is  that  the 
alignment  jig  must  tolerate  the  bonding  step.  Thus,  in  typical 
microlamination  setups,  the  alignment  jig  is  incorporated  into  the 
design  of  the  structure  that  compresses  the  stack  for  bonding. 


Figure  4:  Microlamination  sheme  used  to  fabricate  a  dual  micro- 

channel  array.  Arrows  show  direction  of  flow. 

The  laminate  bonding  process  must  form  a  strong,  durable, 
and  often  hermetic  seal  between  each  laminate.  A  number  of  different 
approaches  to  this  problem  have  been  explored  and  are  listed  in  Table 
in  along  with  their  advantages  and  disadvantages.  One  of  the  most 
promising  bonding  methods  we  are  studying  involves  diffusion 
brazing  and  soldering. 

The  concept  of  diffusion  brazing/soldering  has  been 
described  previously  by  Jacobson  and  Humptson  (1992).  They 
present  a  number  of  material  combinations  that  can  be  use  on  both 
base  metals  and  on  surfaces  that  have  been  metalized.  Two  of  the 
more  versatile  combinations  are  tin-silver  and  tin-indium.  These  two 
diffusion  soldering  systems  provide  a  low  temperature  bonding 
process  that  results  in  strong  joints  at  the  material  interface.  Another 
attractive  feature  is  that  the  bond  can  take  considerably  higher  reheat 
temperatures.  Because  of  these  characteristics,  diffusion  bonding 
appears  ideal  for  producing  microlaminated  devices  that  must  operate 
at  moderate  temperatures  (up  to  approximately  500  C). 


Table  m 

Microlammation  Bonding  Techniques 
1 .)  Polvimide  She^  Adhesiver  Polyimide  is  a  high  strength,  high 
temperature  polymer.;  In  a:  special  sheet  forniulation  from;  Dupont 


called,  Kapton  1^,  it  retains  adhesive  properties  and  can  bond 
surfaces  together  when  heated  and  compressed;  This  material  is  good 
for  moderate  strength  bonds  providing  good  sealing  capability. 

2. )  Diffusion  Soldering  and  Brazing:  Requires  plating  of  the  surfaces 
with  a  low  melting  point  nietal.  Tin/Silver  and  Tin/Indium  have  been 
used  in  the  past  for  low  temperature  bonding.  Provides  a  hermetic 
seal  good  up  to  re-heat  temperatures  exceeding  300  C.  Best 
performed  in  vacuum  hot  press  conditions. 

3. )  Diffusion  Bonding:  High  strength,  high  tenperature  bonds  are 
produced  by  this  method.  Requires  high  temperature,  high  pressure  to 
form  bond.  Method  can  be  applied  to  untreated  (except  of  cleaning 
and  oxide  removal)  metal  surface,  but  techniques  exist  for  metal 
plated  surfaces  also,  e.g.  stainless  steel  plated  with  gold.  Often 
requires  vacuum  or  reducing  environments  in  addition  to  high 
pressures. 

4. )  Micro  Projection  Welding:  Technique  where  laser  machining  or 

photolitho^aphy  followed  by  surface  etching  is  used  to  create 
projections  on  a  metal  surface.  After  laminates  are  stacked  and 
bonded,  electrical  discharge  is  passed  through  stack  heating  and 
bonding  only  areas  where  projections  make  contact  with  adjacent 
parts.  Can  be  used  in  air  and  takes  place  rapidly.  Significant  surface 
preparation  needed.  _ _ 

The  tin-silver  system  can  work  on  any  surface  able  to 
withstand  moderate  temperatures  and  capable  of  receiving  a  plating 
layer  of  the  requisite  metal.  For  many  of  our  devices,  steel  and 
stainless  steel  offer  a  number  of  attractive  characteristics  for  fatigue 
strength,  magnetic  properties,  relatively  low  thermal  conductivity  (for 
stainless  steel),  and  corrosion  resistance.  However,  before  the 
bonding  can  occur,  the  surface  of  each  steel  laminate  must  be  prepared 
and  plated.  A  typical  plating  process  involves  placing  a  very  thin 
strike  layer  of  nickel  (approximately  0.5  pm)  on  the  bare  steel  surface. 
This  layer  promotes  adhesion  of  the  other  platable  metals.  Then,  a 
copper  layer  2-5  pm  thick  is  plated  over  the  nickel  as  a  base  upon 
which  to  plate  either  tin  or  silver.  Copper  is  necessary  as  a  bonding 
agent  because  of  its  ability  to  readily  bond  to  both  nickel  and  either 
silver  or  tin.  Finally,  a  layer  of  tin  or  silver  is  plated  2-5  pm  thick 
over  the  copper  layer.  What  is  desired  for  this  last  plating  operation  is 
to  produce  a  laminate  stack  that  will  have  alternating  surfaces  plated 
with  either  silver  or  tin.  The  two  outside  laminates  should  be  silver  so 
that  the  final,  bonded  stack  does  not  adhere  to  the  alignment  jig.  Also, 
our  experience  has  shown  that,  if  possible,  non-bonded  internal 
structures  and  cavities  should  have  the  silver  layer  on  their  surface. 
Through  careful  selection  of  which  laminates  to  coat  with  tin  and 
silver,  this  can  usually  be  achieved. 

The  bonding  takes  place  by  momentarily  raising  the  stack 
temperature  above  the  melting  point  of  tin  (232  C)  under  a 
compression  pressure  of  approximately  2  MPa.  Careful  exclusion  of 
air  (or  other  oxidizing  atmospheres)  is  needed  at  this  point  to  avoid  the 
creation  of  tin  oxides  and  voids.  However,  with  the  surface  properly 
prepared,  the  bonding  process  is  rapid  and  complete.  Also,  bond 
strength  and  re-heat  temperatures  can  benefit  by  “cooking”  the  stack 
for  a  longer  period  of  time  at  the  bonding  temperature,  e.g.  up  to  one 
hour.  This  allows  tin  to  further  diffuse  into  the  silver  and  form  strong 
intermetallic  compounds  within  the  joint  itself.  Some  evidence  exist 
for  ultimately  forming  a  silver  bond  interspersed  with  intermetallic 
tin/silver  particles  yielding  a  high  strength,  moderate  temperature 
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joint.  Note  that  indium  can  also  be  used  in  place  of  tin  yielding  a  even 
lower  temperature  (melting  point  of  indium  is  157  C)  bonding  process. 

SAMPLE  DEVICES 

In  this  section,  a  microchannel  array  and  two  types  of  valves 
are  described.  Each  device  demonstrates  an  important  aspect  of 
microlamination  either  during  bonding,  post-bond  processing,  or  the 
incorporation  of  unique  features  into  the  overall  design. 

A.)  MicroChannel  Arrays 

As  a  first  example  of  a  device  that  can  be  fabricated  with 
microlamination.  Fig.  4  shows  a  micro  channel  array.  The  design  and 
stacking  arrangement  is  shown.  The  device  was  designed  to  use  a 
polymeric  spacing  and  bonding  sheet  between  copper  micromachined 
shims.  The  bonding  sheet  is  a  polyimide  material  from  DuPont 
(Kapton  type  KJ)  that  becomes  active  as  an  adhesive  at  temperatures 
exceeding  250  C.  After  bonding,  the  device  has  a  useful  service 
temperature  under  light  internal  pressure  up  to  approximately  200  C. 
The  bonding  process  takes  place  in  an  alignment  jig  using  the  sides 
and  comers  of  the  shim  material  as  alignment  features.  Specific 
bonding  conditions  for  the  part  shown  in  Fig.  4  was  265  C  under  a 
compression  of  200  kPa.  The  stack  is  held  at  the  bonding  temperature 
and  pressure  for  approximately  1  minute,  then  cooled.  Our  experience 
with  this  approach  is  that  good,  hermetic  seals  are  formed  by  this 
method.  Although  clean  and  polished  metal  surfaces  can  be  bonded 
together,  type  KJ  polyimide  bonds  best  to  oxidized  surfaces.  Another 
attractive  feature  of  this  material  is  that  under  typical  bonding 
temperatures  and  pressures,  little  flow  is  observed  in  the  channel  area. 
To  date,  all  bonds  have  been  accomplish  in  a  small  laboratory  press 
surrounded  by  atmospheric  air.  We  will  be  testing  the  bonding 
process  in  a  vacuum  press  in  future  experiments. 

The  copper  and  polyimide  laminates  were  cut  from  100  pm- 
thick  stock  using  the  ESI  model  4420  laser  micromachining  center. 
The  output  from  the  laser  was  532  nm  light  from  intercavity  frequency 
doubling  of  the  NdiYAG  fundamental.  Qualitative  observations  were 
that  the  copper  material  cuts  rapidly  and  with  little  debris  generation 
on  the  surface.  Each  copper  laminate  was  cut  in  approximately  45 
seconds  using  a  three  pass  process.  This  is  in  contrast  to  steel  witch 
requires  two  to  three  times  as  long  to  cut  the  same  thickness  of 
material.  The  copper  surface  was  physically  polished  to  remove  any 
debris  and  ridging  that  may  have  formed  during  the  machining 
process.  Polyimide  cuts  rapidly  in  t\yo  passes  with  no  observable 
debris  formation. 

The  final  device  produced  after  bonding  was  a 
microschannel  array  having  4  channels  with  a  channel  height  of  100 
pm,  a  width  of  3  mm,  and  flow  channel  length  of  10  mm.  Headers 
were  incorporated  into  the  design  at  both  ends,  and  as  shown  in  the 
figure,  top  and  bottom  caps  were  used  to  interface  the  flow  from  a  test 
loop  to  the  device.  Preliminary  test  data  is  shown  in  Fig.  5  where 
volumetric  flow  of  water  is  plotted  versus  pressure  head  for  four 
nominally  identical  devices.  The  theoretical  curve  is  for  laminar  flow 
through  the  channels.  Since  the  experimental  curves  show  a  slightly 
reduced  flow  rate,  some  influence  from  header  design  and  other  non¬ 
ideal  flow  characteristics  are  probably  present.  However,  the  data 
does  suggests  that  laminar  flow  through  the  channel  array  provides  a 
close  approximation  to  the  pressure  drop. 


Figure  5:  Flow  rate  vs.  pressure  head  for  four  microchannel 
arrays.  Theoretical  and  averaged  curves  also  shown. 

B.)  Float  and  Flapper  Valves 

Two  types  of  valves  have  been  constructed  using 
microlamination  techniques.  The  major  design  differences  between 
the  two  are  shown  in  Figs.  6  and  7.  The  first  valve  was  designed  as  a 
one-way  float  valve.  It  was  constructed  with  five  laminates.  The 
design  utilized  an  upper  and  lower  orifice  plate  (laminates  1  and  5) 
where  fluid  enters  and  leaves  the  valve.  The  dimensions  of  the  upper 
orifice  was  1.5  mm  in  diameter  while  the  bottom  ring  orifice  has  an 
outer  diameter  of  3  mm.  In  this  design,  the  center  float  must  be 
dissociated  from  its  laminate  after  assembly  in  order  for  the  valve  to 
function.  The  second  valve  design  was  a  traditional  flapper  assembly 
constructed  out  of  two  laminates.  A  top  laminate  containing  the 
flapper  was  bonded  to  a  lower  orifice  plate.  Size  of  the  orifice  was 
also  1.5  mm  in  diameter. 

The  float  valve  design  was  based  on  a  freely  floating  disk 
inside  a  cavity  formed  by  two  spacers,  as  shown  in  Fig.  6.  This  design 
calls  for  a  special  post  assembly  process  called  component  dissociation 
which  removes  fixture  bridging  holding  the  float  disk  in  place  during 
assembly.  The  laminates  were  laser  machined  (532  nm  output  from  a 
Nd:YAG  pulsed  laser)  from  250  pm  thick  mild  steel  shim  stock.  The 
bonding  process  used  in  this  particular  design  employed 
microprojection  welding.  On  the  back  side  of  each  laminate,  a 
microprojection  was  create  using  acid  etching  through  a  photoresist 
mask.  The  projection  formed  a  narrow  ring  around  each  valve 
component  with  a  height  of  approximately  100  pm.  During  bonding, 
the  laminate  stack  was  compressed  while  an  electric  discharge  was 
sent  through  the  assembly.  This  heated  and  collapsed  the 
microprojections  essentially  forming  a  weld  along  the  length  of  the 
projections.  This  bonding  process  was  accomplished  in  air,  although 
future  work  will  investigate  inert  gas  and  vacuum  conditions.  Also, 
polyimide  adhesive  and  diffusion  soldering  are  being  studied  as 


possible  valve  bonding  processes. 


Figure  6:  Lamination  design  for  the  float  valve. 


After  bonding,  the  float  plate  is  held  in  place  with  fixture 
bridging.  Removal  of  this  bridging  can  be  accomplished  by  using  a 
capacitive  discharge  process  to  blow  the  fixturing,  similar  to  the 
process  that  a  fuse  undergoes  when  higher  than  rated  currents  flow 
through  it.  Sufficient  current  must  be  supplied  to  an  electrode 
contacting  the  float  plate  (passing  through  the  top  center  orifice)  to 
vaporize  the  fixture  bridging  in  one  brief  pulse.  For  the  float  valve 
results  shown  in  Table  IV,  a  0.07  Farad  capacitor  bank  was  charged  to 
1 1  volts.  With  an  electrode  in  contact  with  the  float  disk,  and  the  body 
of  the  valve  grounded,  the  capacitor  bank  was  switched  to  connect  the 
bank  voltage  to  the  electrode.  This  resulted  in  blowing  the  fixtures 
and  freeing  the  float  plate  inside  the  valve  cavity 

Preliminary  work  has  also  been  accomplished  on  a  simple 
flapper  valve.  As  shown  in  Fig.  7,  a  250  jim-thick  flapper  plate  was 
bonded  to  a  250  |xm-thick  orifice  plate  to  provide  the  valve  action.  As 
fluid  passes  into  the  value  through  the  bottom  orifice,  the  flapper  lifts 
off  the  orifice  and  provides  relatively  unrestricted  flow  through  the 
valve.  Upon  flow  reversal,  the  flapper  valve  seats  onto  the  bottom 
plate  and  creates  a  relatively  high  flow  resistance.  The  orifice 
diameter  used  in  the  valve  was  1.5  mm.  Also,  the  flapper  was 
essentially  a  disk  having  a  2.2  mm  outer  diameter  inside  a  larger 
opening  having  a  diameter  of  3  mm.  To  test  the  effectiveness  of  a 
different  valve  configurations,  a  total  of  3  valves  where  fabricated  — 
two  having  polyimide  used  as  a  seating  material  and  one  with  steel-on- 
steel  seating.  Laminate  material  for  the  flapper  valve  was  mild  steel. 
The  bonding  process  used  for  assembling  the  flapper  valve  was 
microprojection  welding. 


Figure  7:  Flapper  valve  laminates  showing  pivoting  flapper  and 
orifice  plate. 


The  valves  were  tested  to  asses  their  “diodicity”,  that  is, 
their  ability  to  restrict  flow  in  one  direction  while  allowing  it  in  the 
other.  This  valve  property  is  determined  by  measuring  the  forward 
and  reverse  mass  flow  rates  under  the  same  magnitude  of  pressure 
drop  in  the  forward  and  reverse  directions.  The  tests  were  conducted 
using  AP’s  ranging  from  zero  to  10.6  kPa.  Table  IV  shows  the 
performance  of  the  flapper  valve  for  three  different  valve  seating 
configurations.  The  diodicity  achieves  values  as  high  6.32  for  valves 
with  polyimide  on  the  sealing  side  of  the  flapper.  Values  are  also 
given  in  the  table  for  polyimide  place  on  the  valve  seat,  although  the 
diodicity  was  not  improved  with  this  configuration.  A  full  assessment 
of  valve  performance  has  not  yet  been  accomplished  and  some  non¬ 
ideal  component  effects  may  be  present  such  as  warpage  (Fig.  8), 
incomplete  laminate  contact  after  microprojection  welding,  and  mis 
registration.  These  factors,  as  well  as  others,  will  need  to  be  examined 
in  detail  before  a  final  assessment  can  be  done.  Improvement  in  valve 
sealing,  and  hence  diodicity,  is  expected  once  the  laminate  cutting, 
registration,  and  bonding  steps  are  refined. 


Table  IV 

Diodicity  Results  for  Flapper  and  Float  Valves 

Average  Maximum 


Flapper  Valve: 

(with  Polyimide  on  Back  of  Valve) 
(with  Polyimide  on  Valve  Seat) 
(No  Polyimide) 

Flok  Valve:  .  . 

(No  Polyimide) 


4.08  6.32, 

1.22  1.78 

I. 71  2.90 

II. 19  17.10 
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Figure  8:  Microfloat  valve  showing  warpage  due  to  volumetric 
expansion  caused  by  microprojection  welding. 


CONCLUSION 

The  work  presented  here  demonstrates  the  utility  of 
microlamination  for  fabricating  microtechnology-based  energy  and 
chemical  systems.  With  the  capability  offered  by  laser 
micromachining,  miniature  devices  can  be  rapidly  moved  from 
concept  to  testing  on  the  benchtop  in  relatively  few  steps.  Critical 
subcomponents  can  have  feature  sizes  down  to  approximately  10  |im, 
although  most  features  are  currently  in  the  50  -  100  |im  size  range. 
Many  choices  exist  for  the  bonding  step  required  to  form  a  device 
from  a  registered  stacked  of  laminates.  Tlie  two  methods  studied  most 
so  far  are  polyimide  sheet  adhesive  and  diffusion  soldering.  Both 
produce  acceptable  bonding  and  sealing  of  prototype  devices. 
However,  further  work  on  the  registration  and  bonding  steps  is  needed 
in  order  to  move  the  microlamination  method  into  a  routine  fabrication 
technique  for  MFCS  devices. 
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Ru(I)Ox  s.  Hadzi-Jordanov,  H.  Angerstein-Kozlawska,  M.  Vukovic,  B.E.  Conway,  J.  Electrochem. 
Soc.  125  (1978)  1471  and  references  within 

4.  And  why  *does*  the  practical  catalyst  (Le.,  nanoscale  Pt-Ru  black) 
work  best  with  an  atom  stoichiometry  of  one  Ru  for  every  Pt  when  the 
mechanism  implies  a  multi-Pt  surface  structure? 


•  Electrosorption  of  Methanol  at  Pt  —  Oxidative  Dehydrogenation 
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Nanoscale  Pt-Ru  blacks  are  bimetallic  alloys  because 
their  X-ray  diffraction  patterns  mimic  those  observed 
with  bulk  PtyJRUy  alloys...  in  which  Ru  substitution  into 
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*BUT*  as-received/as-used  nanoscale  Pt-Ru  blacks  are  not  bimetallic 
alloys...they  consist  of  a  mixture  of  metal  and  hydrous  oxide  components! 

As  shown  by  surface  '^and*  bulk  analyses:  XPS,  glow-discharge  mass  spec, 
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How  does  the  presence  of  RuOxHy  in  Pt-Ru 
nanoscale  blacks  affect  the  catalytic  activity  of 

methanol  oxidation?? 
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4  Ru-OH  content  (degree  of  hydration) 

♦  Proton  conductivity 

^  known  that  Pt  and  Ru  in  PtRu  alloys  segregate  under  open-circuit 
conditions  (in  dilute  H2SO4)  =>  RuOx  forms 

E.  Ticanelli,  J.G.  Beery,  M.T.  Paffett,  S.  Gottesfeld,  J.  Electroanal.  Chem.  258  (1989)  61 


the  more  3D  rutile...  Sample  Specific  Capacitance  /  (F/g) 

the  fewer  F/g  stored  •  0.5  H,0  900 
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Voltammetry  as  a  Function  of  Treatment  of  Pt-Ru 
Blacks:  IfRuOxHy  is  Present^  so  is 
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4-  Inherent  Ru-OH  speciation  e  /  mv  vs.  sce 

4“  Efficient  H,0  dissociation 


#  Can  the  chemical  state  of  Ru  be  controlled  in  nanoscale  Pt-Ru? 
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Pt-Ru  blacks  maylprobably  have  surface  oxides,  but 
these  are  reduced  once  exposed  to  methanol,  especially 
under  the  operating  conditions  of  the  DMFC 
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operation  of  a  MeOH-fed  fuel  cell 

EXAFS  results:  J.  McBreen,  S.  Mukerjee,  J.  Electrochem.  Soc.  142  (1995)  3399 
XANES  results:  K.E.  Swider,  K.l.  Pandya,  A.D.  Kowalek,  P.L  Hagans,  W.E.  OGrady  , 
Extended  Abstracts,  95-1. 188*^  Meeting  of  the  Electrochemical  Society,  Reno,  NV,  1995 


PtOx  reduced  by  MeOH  at  T  45 
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The  nanoscale  black  is  affected  by  gas^-phase  treatment  with  MeOH 
at  75  ®C,  but  remains  highly  capacitive  and  does  not  develop  the 
faradaic  features  indicative  of  Ru  metal. . .  dehydrates  during 
treatment  with  argon/MeOH 
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Computations  on  the  structure-H^  conduction  properties  of 
amorphous  hydrous  oxides  are  required 

Combinatorial  efforts  may  help  find  the  elements  that  stabilize 
optimally  H^~conductive  structures  of  RuOxHy 
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*  J.-P.  Sartre,  “LEtre  et  le  Meant  ”  Gallimard:  Paris,  1943. 
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Ehcitical  BroperHes  ofNanoscah  RuO 
Deposited  on  Silica  Aerogel 
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Ehe^od  em ical  Properties  ofNanoscak  RuO 

Deposited  on  Silica  Aerogel 
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»  aerogel  structure  ot  nanoparticles  connected  in  open  network 

“Cobweb”  of  low  dimensional  RuO  2  nanowires  ieads  to  paraiiei 
wiring  .’.  appreciabie  end-to-end  conductivity  of  the 
macroscopic,  mesoporous  Si02  monoiith 


Microbatteries  for  use  with  MEMS  Devices 

J.N.  Harb  (Brigham  Young  University),  R.M.  LaFollette  (Bipolar  Technologies  Corporation), 

J.  D.Holladay,  P.H.  Humble,  L.G.  Salmon  [4],  R.A.  Barksdale,  and  B.A.  Anderson  (Brigham  Young  University) 


MEMS 


«  Integrated  devices  designed  to  interact  and  communicate  with  the 
physical  worid.  Commonly  known  as  micromachines 
^  Applications:  acc^erometers,  pressure  sensors,  chemical  sensors, 
'  movement  sensors,  flow  sensors,  micro-optics,  and  optical 
scanners. 

*  Target  Systems:  remote  autonomous  MEMS  devices. 
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MEMS  Device  Duty  Cycle 


Target  Values 

•  Area  0.1  cm^ 

•  Capacity :  >  2  Cfctn^ 

*  Power:  >  5  mWcm* 

*  Cell  Voltage;  >  1.2  V 

•  Secondary  Battery 

*  Integrabte 


^ . . . .  -rnn 

Microbattery,  Energy  Conversion  Device  and 

MEMS  Microsensor  Device  Concept. 

This  poster  describes  batteries  that  have  been 
developed  to  satisfy  the  power  and  energy 
needs  of  remote  autonomous  MEMS  based 
on  anticipated  duty  cycles.  Such  cycles 
involve  short  "high-power"  pulses  (e.g.,  for 
acquisition  or  communication)  superimposed 
on  low  stand-by  power.  Batteries  may  be 
recharged  during  the  low-power  portions  of 
the  cycle  by  scavenging  energy  from  the  envi¬ 
ronment  (e.g.,  via  solar  panels). 

Our  efforts  to  date  have  been  focused  on 
Ni/Zn  microcells  with  an  aqueous  KOH 
electrolyte,  and  on  lithium-ion  microcells  with 
a  liquid  organic  electrolyte.  All  cells  are  made 
with  high-volume  low-cost  integrated  circuit 
(IC)  fabrication  techniques. 

The  Ni/Zn  electrochemical  couple  was  chosen 
for  its  high  power  density  and  other  favorable 
characteristics.  The  NiOOH  positive  electrode 
provides  flexibility  since  this  electrode  can  be 
used  with  a  variety  of  different  negative 
electrodes,  and  can  be  fabricated  in  either  the 
charged  or  discharged  state.  Use  of  zinc  as 
the  negative  electrode  provides  a  high  specific 
capacity. 

The  Li-ion  cells  utilize  synthetic  graphite 
anodes  and  LiAto.14Mn1.06O4  [2]  cathodes. 
They  offer  the  advantage  of  a  high  discharge 
potential  (nearly  4  V)  and  greater  capacities. 


Li-Ion  Microbatteries 


Li-Ion  Cell  Layout 


i 


Specific  Capacity,  C/cm^ 

LiAI„  i,Mn,  85O,  [2]  Composite 
Microcathode  Discharge  (vs.  Li) 
at  0.5  mA/cm^  ccii  was  o.oft  cm-’ 


Summary  of  Li-!on 
Microbattery  Results 

•  Anode  and  cathode  micro  electrodes 
fabricated  and  tested 

-  Cathode  Capacity  >  2  C/cm^ 

-  Anode  Capacity  >  15  C/cm^ 

6  First  generation  Li-ion  microbatteries 
fabricated  and  tested 

-  Low  cell  capacity  (<50  mC/cm^) 

-  Limited  by  masking  of  the  cathode  during 
fabrication 

e  Second  generation  Li-Ion  Microbatleries 
under  development 


Ni/Zn  Microbatteries 


Side  View 


Top  Viow 


Ni,/Zn  Microbattery  Cell  Layout 


O.s  mm - 

Polypropylene  Wells 


NiOOH  electrode* 
posiled  tn  Polypro* 
pyfone  Wells 


Ccmiplcted  Ni/Zn  Microbaltery 
Prior  lo  Filling  and  Sealing 


Micrographs  of  Ni/Zn  Microbatteries  at 
VariousFabrication  Stages 


Discharge  at  100  mA/dn^ 

> 

t  " 
1  ;; 
o 

HighF 

Appro 

- - 

Tima  (saconds) 

(ate  Discharge  of  a  Ni/Zn  Cell 

ximnloly  l/2  Iho  Capncily  was  accessed 

Discharge  Profile  at  0.56  inA/cm^ 


Specific  Capacity.  C/cm^ 


Sealed  Ni/Zn  Microbattery  Discharge 


Microbattery  Integration 


Results  and  Conclusions 

•  Li-ion  Microelectrodes  have  been  fabricated  and  tested 

f  Fabrication  and  testing  of  ’  initial  U-ion  Microbatteries  complete  and  improved  design  in  progress 

•  Ni/Zn  Microbatteries  have  been  discharged  at  rates  up  to  100  mA/cm^  (1 50  mW/cm*) 

*  Specific  capacity  of  the  NiOOH  cathode:  >2  C/cm^ 

*  Ni/Zn  Microbatteries  were  cycled  over  250  bmes  to  100  %  DOD 

•  Performance  of  Ni/Zn  Microbatteries  (capacity  and  power)  suitable  for  use  with  MEMS  devices. 

♦  Significantly  greater  capacities  anticipated  from  Li-ion  Microbalteries 


This  work  was  sponsored  by  the  Ballistic  Missile  Defense  Organization 
(Contracts  F33615-96-C-2674  and  F33615-97-C-2785}  and  the  U.S.  Air  Force 
(Contract  F29601-96-C-0078).  Their  support  is  gratefully  acknowledged. 


Flip  Chip  Integration  of  MUMPS  and 
Electronics  at  MCNC  [3] 


AMcrofluidic  Sample  Preconditioning  System  for  CBW  Agent  Detection  and  Quantification 

Mark  R  Holl,  Katerina  Macounova,  Catherine  R  Cabrera,  Andiew  Evan  Kamliolz,  Anson  Hatch,  Kenneth  Hawkins,  Paul  Yager  (PI) 


MEMS/VLSI 
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Electrochemical  Sensor 
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In  Vitro  and  In  Vivo 
Experiments 
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Multichannel  Potentiostat 


other  potential  applications:  optical 
detection,  molecular  probe  chips 


Multichannel  Chem/Bio  Device 


VLSI  Multichannel 
Potentiostat 
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Multichannel  potentiostat  chip 


Multichannel  Chem/Bio 
Sensor  Arrav 


controlled  process 

mass  production,  disposable 


Carbon  Microstructures 
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Carbon  Multielectrode 
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Integrated  Sensor  Array 


useful  for  in  vivo  recordings 

useful  as  a  dispersible  sensor  for 
chem/bio  detection  in  the  field 


Remote  Controlled 
Sensor  Array 


Only  four  bonds  shown  for  clarity 
Inductor  coil  not  shown  for  clarity 
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Existing  Picture  of  Fuels  : 
Production,  Transportation  and  Use 


Fluidized  Catalytic  Cracking:  main  process  to  produce 
gasoline  from  heavier  hydrocarbons,  is  rapidly 
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Catalytic  Reforming:  main  process  to  improve  the 
octane  number  of  naphtha,  is  rapidly  approaching  its 

theoretical  limit. 
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This  trend,  observed  in  the  conversion  and  upgrading 
of  processes  in  refineries,  is  present  throughout  the 
refining  and  (petro-)  chemical  industry. 


C&3 


Product  and  Process  Innovations  from  1930  to  1985  Are  Shown 


The  trend  in  UOP%  Reactor  Technology  is  toward  faster 
and  smaller:  (micro-)second  applications...  enter  the 
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Seconds  Minutes  Hours  Days  Months  Years 

Catalyst  Deactivation  Time  Constant 


1930  1935  1940  1945  1950  1955  19*0  1955  1970  1975  1980  1985  1990  1995  2000  2005  2010  2015 


of  Microfabricated  Catalyst 


Cls-2-Biitme 


Effect  of  Composition  on  Activation 


Atonic  Fractioa  Fd 


•  The  microfabricated  catalyst  has  the 
advantage  that  a  true  alloy  Is  formed,  unlike 
convendonai  supported  catalysts. 

•  The  addition  of  Au  to  a  Pd  microfabricated 
catalyst  has  an  electronic  effect. 

-  Decrease  in  activation  energy 

-  Increase  In  turnover  frequency 

•  The  addition  of  Au  to  a  Pd  microfabricated 
catalyst  has  a  structural  effect. 

-  Dilution  of  surface  sites 

-  Decrease  In  pre-exponential  factor 

~  Decrease  in  conversion 

•  From  the  AFM  images,  parameters  such  as 
roughness  and  average  particle  size  may  be 
important  factors  in  relating  the  surface 
morphology  to  the  catalytic  activity. 

•  The  presence  of  Au  alters  the  selectivity  of 
one  of  he  reaction  pathways  (hydrogenation 
to  1 -butene  and  further  hydrogenation  to 
butane),  but  not  the  formation  of  2-butenes. 


for  Bif»engineering  and  Pollution  Control 
NNF  at  Cornell 


AFM  Micrographs 


Pure  Pd  catalyst  has  the  highest  surface  roughness 

73  at%  Pd  catalyst  has  the  lai^est  particle  size 

Remaining  catalysts  have  similar  surface  structures  and 
parameters 


Arrhenius  Plot 
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A  Microscale  Chemical  Reactor  System  for 
Catalytic  Dechlorination  of  Chlorinated  Solvents 


Goran  Jovanovic*,  Joseph  Zaworski,  Tom  Plant,  Brian  Paul 
*Oregon  State  University 

Center  for  Microtechnology  based  Energy  and  Chemical  Systems  -  MECS 
Gleeson  Hall,  Corvallis,  OR.  97331 


ABSTRACT 

Three  types  of  microscale  (electro)-chemical  reactors  are  constructed  and  tested  for 
their  performance  in  dechlorination  of  p-chlorophenol. 

Micro-Charmel  Reactor  (MCR)  with  Fe/Pd  catalyst  deposited  on  the  reactor  walls, 
Micro-Bead  Reactor  (MBR)  containing  polymer  micro-beads  or  polymer  layers 
with  nanosize  Fe/Pd  catalyst,  and  Micro  Electro-chemical  Reactor  (MER) 

Conceptual  schematic  of  these  three  reactor  configurations  are  shown  in  Figure  1. 


JUSTIFICATION 

Chlorinated  hydrocarbons  and  particularly  chlorinated  aromatic  hydrocarbons  such  as 
PCB's  still  represent  substantial  danger  during  transportation,  processing,  and 
destruction.  Most  commonly  used  technologies  for  tire  separation  and  destruction  of 
non-chlorinated  hydrocarbons  in  environmental  clean-ups,  stock  elimination,  and 
mixed  waste  treatment  are  considered  ineffective  or  are  prohibited  by  federal  and  state 
regulations.  A  catalyst  based  (electro)-chemical  processes  for  dechlorination  of 
chlorinated  aromatics  show  great  potential  in  solving  the  most  difficult  cases  of 
selective  treatment  of  chlorinated  hydrocarbons  in  mixed  wastes. 


THEORY  OF  OPERATION 

The  investigation  into  the  chemical  reactions  mvolved  in  the  dechlorination  of 
chlorinated  aromatics  has  produced  three  separate  factors  contributing  to  the 
overall  rate  of  dechlorination.  These  include  the  various  (a)  dissociation 
reactions,  (b)  hydrogen  production  and  (c)  removal  reactions,  and  the  actual 
chlorine  removal  step. 

(a)  The  dissociation  reactions  involved  include  the  dissolution  of  iron  from  the 
zero-valent  state  (1),  water  dissociation  (reaction  2),  and  acid  dissociation 
(reaction  3). 

(b)  The  presence  of  the  hydrogen  ion  in  the  reaction  system,  H+,  is  controlled  by  its 
formation  from  the  dissociation  reactions  (2, 3),  its  removal  by  Fe  (reaction  4)  or  Pd 
(reaction  5)  to  form  either  H2(g)  or  the  intermediate  reactive  hydrogen,  FI*,  or 

recombination  to  form  hydrogen  gas  bubbles  on  the  catalyst  surface  (reaction  6).  The 
electrons  produced  in  the  iron  dissolution  reaction  (reaction  1)  are  utilized  by  the 
palladium  surface  to  form  the  highly  reactive  intermediate  H*  (reaction  5),  which  is 
used  in  the 

(c)  dechlorination  reaction  (reaction  7).  Coupling  these  steps  gives  the  overall 
dechlorination  reaction  (reaction  8). 


Micro-channel 


(MBR) 


Nanosize  Pd/Fe  catalyst  in  polymer  gel 


(MER) 


Solid  Layer  of 
Fd  catalyst 


Micro-channel 


l-I.M-l 


Current  Source 


Figure  1.:  Three  conceptual  reactor  configurations  for  dechlorination  of  chlorinated 
hydrocarbons. 


Dissociation  Reactions: 


Fe°  ->  Fe2+  +  2e- 

(1) 

2H2O  2H''  +  20H- 

(2) 

2HC1  2H''  +  2Cr 

(3) 

Hydrogen  Reactions: 

2H^+  2e-  ^  H2(g) 

(4) 

2H'^+  2e-  ^  2H* 

(5) 

2H*  ^  H2(g) 

(6) 

Dechlorination  Reaction: 

2H*  +  R-Cl  -4  R-H  +  HCl 

(7) 

Overall  Reaction: 

Fe°  +  R-Cl  +  H+  ^  R-H  +  Fe2+  +  Cl- 

(8) 

Investigation  of  the  chemistry  indicated  several  important  operating  parameters.  These 
include  the  extent  of  Pd/Fe  interfacial  area,  Pd/Fe  weight  ratio,  ratio  of  Pd/Fe 
interfacial  area  to  the  amount  of  chlorine  to  be  removed,  system  pH,  and  dissolved  O  2* 

Furthermore,  important  process  resistances  dependent  on  the  various  process 
parameters  are  identified:  a)  formation  of  Fe(OH)2  and  Fe(OH)2 ,  and  b)  formation  of 

H2  gas  bubbles.  Both  formation  of  iron  hydroxide,  and  hydrogen  bubbles  deactivate 
the  catalyst  surface  and  thus  reduce  the  overall  reaction  rate. 


The  above  described  dechlorination  reaction  on  the  Fe/Pd  catalyst  is  schematically 
represented  in  the  Figure  2  below. 


H2  bubbles 


Pd-islet 


Figure  2.:  Formation  of  iron  hydroxide,  and  hydrogen  bubbles  deactivate  the 
catalyst  surface  and  thus  reduce  the  overall  reaction  rate. 


Fe/  Pd  Catalyst 

An  electron-scan  micrograph  of  the  Fe/Pd  catalyst  is  shown  in  Figure  3. 


Figure  3.:  An  electron-scan  micrograph  of  the  Fe/Pd  catalyst. 


EXPERIMENTAL  RESULTS 


The  results  of  the  preliminary  testing  of  the  three  proposed  reactor  configurations  are 
shown  in  the  Figure  4  below. 


Time  (min) 

Figure  4.:  Experimental  results  of  the  three  proposed  reactor  configurations. 


MER  REACTOR 

Our  effort  to  develop  a  new  type  of  reactor  for  the  dechlorination  of  chlorinated 
aromatics  is  motivated  by  a  possibility  to  improve  the  chemical  reaction  scheme  and 
remove  or  suppress  the  above  mentioned  process  resistances. 

Reaction  (1)  indicates  that  Fe°  is  sacrificial  element  in  the  dechlorination  process.  The 
electrons  needed  for  the  production  of  active  hydrogen  H*  by  Pd  may  be  obtained  from 
a  battery  source,  thus  eliminating  the  need  for  the  iron  substrate  and  its  dissolution  into 

the  liquid  stream.  If  Fe°  is  eliminated  from  the  reaction  scheme,  the  formation  of 
Fe(OH)2  and  Fe(OH)3  will  also  be  ehminated.  This  will,  in  turn,  eliminate  the  need  for 

a  low  pH  environment  and  create  a  possibility  to  control  the  production  of  H*  and  H  2 
(g)  by  changing  current  density  at  the  walls  of  microscale  reactor  channels. 

The  construction  of  the  MER  represents  a  collection  of  parallel  microchannels  whose 
walls  are  covered  with  a  thin  Pd  layer.  The  proximity  of  the  walls  reduces  the 
diffusion  path  that  each  element  of  the  fluid  has  to  make  from  the  bulk  of  the  liquid  to 
the  catalyst  surface.  Furthermore,  due  to  their  small  size  microscale  reactors  facilitate 


fast  response  to  temperature  and  concentration  changes.  The  small  size  makes  them 
deployable  rn-situ  (tmdergrotmd  tanks,  deep  wells)  or  other  hard  to  reach  places. 

A  microlamination  process  is  used  to  fabricate  the  dechlorination  reactor.  The  reactor 
consists  of  two  sets  of  four  microchannels  with  each  set  between  two  header  regions. 
The  reactor  array  is  produced  by  adhesive  bonding  alternating  laminates  of  preformed 
lOOgm  thick  copper  shim  stock  and  Kapton  KJ  polyamide.  MicroChannel  patterned 
laminates  are  fabricated  from  polyamide  while  microfin-patterned  laminates  are 
fabricated  from  copper.  In  addition  to  providing  structure,  polyamide  laminates 
provide  the  material  for  bonding. 

Laminates  are  produced  using  ESI  8000c  Laser  Micromachining  system  with  532  nm 
Nd:YAG  laser.  To  consolidate  die  stack,  the  laminates  are  registered  one  to  another, 
compressed  and  heated  within  a  precision  jig.  Final  bonding  conditions  are  265  C  and 
200  kPa  for  1  minute.  A  response  surface  methodology  is  carried  out  on  the  parameters 
of  time  and  pressure  to  minimize  fouling  of  the  microchannel  while  maximizing  bond 
strength. 


Coming  Soon  to  Stores  Near  You 

The  use  of  a  microscale  based  system  offers  the  advantage  of  being  able  to  dechlorinate 
these  products  on  site,  thus  minimizing  the  need  for  handling  and  eliminating  the  need 
for  transportation  of  these  hazardous  materials.  From  a  practical  standpoint,  this 
imposes  a  requirement  that  the  reactor  and  its  supporting  systems  be  designed  for 
remote,  autonomous  operation  and  that  the  overall  size  be  such  that  direct  insertion 
into  a  55  gallon  drum  be  easily  accomplished. 


Microscale  Chemical  Plant 


The  prototype  system  design  includes  a  pump,  filter,  and  the  chemical  reactor.  The 
entire  apparatus  is  contained  in  a  50  mm  diameter  cylinder  that  is  250  mm  long.  The 
maximum  flow  rate  through  the  system  is  approximately  0.5 1/ min.  There  are  three 
external  connections,  a  contaminated  fluid  inlet  port,  a  DC  power  connection,  and  a 
decontaminated  fluid  outlet  port  The  apparatus  is  designed  to  be  operated  either  in- 
situ,  i.e.  submerged  in  the  fluid  containing  chlorinated  hydrocarbons,  or  externally 
with  connecting  lines.  Cleanup  in  a  closed  container  can  be  accomplished  by  inserting 
the  device  into  the  container,  leaving  the  inlet  and  outlet  ports  open,  and  connecting  to 
a  regulated  DC  power  source. 


Liquid-Phase  and  Multi-Phase  Microreactors 

for  Chemical  Synthesis 
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Microchemical  Systems  -  Motivation 
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Distributed  manufacturing  -  on  demand  production  of  toxic  intermediates 
Fast  scale-up  to  production  by  replication 


Motivation  for  Microchemical  Systems 
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Parallel  operation  of  multiple  units 

-  distributed,  on-demand  manufacturing 

-  modular,  flexible  capital  equipment 
“  safer  operation 


Desian  for  Liauid-Phase  Microreactor 
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Fabrication  Sequence  for 
Liauid-Phase  Microreactors 
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Spectroscopic  Station  and  Packaain 


Integrated  Heat  Exchangers 
and  Temperature  Sensors 
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study  to  production  of  a  molecular  species 
Integrated  visible  spectrometry  for  on-chip  detection 


Prooionvl  Chloride  Hvdroivsis 


runaway  reaction  and  decomposition 


Opportunities  for  Multiphase  Reactions 
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Smaller  characteristic  lengths  can  reduce  diffusional  limitations  either  in 
the  liquid  or  within  the  pores  of  the  catalyst 


Motivation  for  Micro-Packed  Beds 
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Reactor  Packaaina  and  Experimental  Set-u 
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Pressure  Drop  for  Micro  fluidic  Packed  Beds: 
Calculations  and  Experimental  Results 

Correlations  such  as  Ergun’s  equation  or  Leva’s  correlation  for  pressure  drop 
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Co-current  flow  of  H2  with  heptane  over  a  packed  bed  of  carbon  particles 
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Micromolded  Liquid  Microreactors 
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-  hydrogenation  of  AMS  over 


DARPA  MicroFlumes  Program 


Motivation  for  Chemicai  Process  Miniaturization 


Fast  scale-up  to  production  by  replication 

High  throughput  reaction/catalyst  screening  -  combinatorial  chemistry 
Miniaturized  chemical  systems 
Novel  analytical  capabilities 


Microreactor  Design  Fiexibiiity 
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Reactions  and  Catalysts  Used  in  Microreactor 
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silver,  nickel,  iridium,  rhodium,  carbon. 

O  Other  reactions:  ammonia  decomposition,  methane  partial 
oxidation,  ethylene  hydrogenation,  oxidation  of  hydrogen,  carbon 
monoxide,  ethylene,  propane. 


Effect  of  Membrane  Properties  on  Reactor  Behavior  for 

Ammonia  Oxidation 
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Ethylene  Hydrogenation  Over  Palladium 


O 


(O)  ajniej0dLU0i  isAie^eo  (O)  ejn^Bjadiuai  isAibjbo 


o 

o 

(N 


o 

lO 


o 

o 


o 

Lf> 


o 


0800°  (s»!un  qJV)  |bu6!S  SI/MO 

CO  CVJ  T- 

(0)  0jniBjaduj9i 


Heater  Power  (mW) 

O  Ethylene  hydrogenation  carried  out  using  gas  phase  microreactors. 
O  Catalyst  deactivation  observed  calorimetrically. 
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Reactor  Temperature  Control  Through  Heater  Design 
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Integration  of  Flow  Anemometers 
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Temperature  inside  protective  and  other  whole-body  suits  can 
reach  a  high  value.  System  presented  here  can  be  used  to  make 
refrigerated  suits. 


Applications  (cont.): 


(D 

bO 

c3 


a 

<D 

o 

a 

r— H 

Oh 

(D 


’"rt  •  • 

CO  ^ 

^  {DX) 
c3 

^  s 

g  _« 

13 

(D 
> 
(D 
(O 


CO 


(Dti 


o 

o 

o 

(D 

N 

(D 

O 


CO 

H-* 

►  f-H 

§ 


^  a> 


cd 


CD 

'o 
o 
o 

'V 
B  "o  ^ 

^  fl 

«  u 


CD 

CO 

O 

Oh 

Dh 

o 


> 

o 

Cl. 


CO 

a 

•  i—{ 

d 

o 

<D 

0) 

<D 

§ 

O 

4^ 


<D 

O 


C/5 


I 


Q  < 


<D 

CO 

>> 

CO 


^  <D  o 

{DJD  CO  1-^ 

2  ^ 
8  ^  S 

^  5P  T5 

<D  a  2 

^  I  Q-) 

II* 

CO  C  o 

Q  13  S 


<u 

(l> 

a 

(D 


c/:) 

» ^ 

§ 

<D 

I 

►  ^ 

a 


^  ^ 

a  ^  -2 

<D  c^  D 

S 

(D  03 

<D  ^ 

b  tj 

5  ^ 

oi  .S 

^  ^cn 

•rH  IT  ^  ' 

e  liT 

^  X 

o  (D  ^ 
CO  Q 

Ph 


CO 


1 00  of  those  units,  and 

0.5  m  X  0.5  m  surface  area  to  provide 

1  ton  (3515  W)  of  cooling. 


bO 

a 

X) 

a 


Comparison  to  Similar  Systems 

1.  Vapor  Absorption  System  of  PNNL 


CD 


t/2  c3 
(D  O 
TS  ml 


O 


G  ^ 
(D 

^  00 


S  O 


h-I 


cS  H 

^  a 
Q  S 


CN 


5 


>  Lower  RPM. 

>  Lower  temperature  gradient  across  the  system. 


Design  Alternatives  Considered  So  Far 


bD 

cS 

o  a 

CO 

S  o 

;-i  • 

pH 


O 

O 


bD 

P  (D 

%  § 

O  > 

S 

Oh  S 
o  ^ 

fin  C/3 


o 

► 

(D 

P  O 

£P  ’'p 

^  p 


o 

H 


CO 


<U 

> 

Q 

a 

o 

U 

P 


o  o 


S  S  S  0. 


w  w  >  w  j 


vh  W  pq 

O  •  • 

cb 

3 

o 


’Tb 

<D 

bD 

(D 


CO 

O 

CO 

p 

<D 

CO 

p 

qp 

'S 

CD 


(D  ^ 

^  P 
sS 

*GO  2 

o  2 

O  <D 
Ph 

W)  6 

Cl  <1^ 

•  rH  . 

CD  ^ 

(L> 


P 

^  bb 

<D 


a 

(D 


Vh 

(U 


Vh 

o 

ts 

Vh 

o 


^  Ph 
^  c? 

> 

w 


O 


quality  sensors,  fluidic  controls. 


Design  Alternatives  Considered  So  Far 


9  ^ 

^  (D 

c/)  r  'l 

CD  w 
Vh  • 


bX) 

Ch  CD 

s  § 

O  > 

5 

6  S 

•  1— I 

O 

^  IP 
fin  00 


lU 

!=l  O 
^  cd 


C  C/5  j,  H 

0  0^1 _ , 

O  o  W  H  .jb 

w  ^  >  pq  H-i 

Sh  w  w  '  '  ' 

O  •  • 


Other  items  being  considered: 

Evaporator,  integrated  temperature  (and  heat  flux)  sensors,  integrated 
quality  sensors,  fluidic  controls. 
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outlined.  Masks  are  being  prepared. 

EIM,  Linear  Comb  Drive:  Preliminary  design  started. 
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An  Overall  Schematic 
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•  Homogeneous/Heterogeneous  combustion 

•  Liquid  hydrocarbons  or  alcohols 
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Radiator  is  a  limiting  component  (air-side  heat  transfer) 

Potential  for  reductions  in  overall  weight  burden  for  soldier  through 
integration  of  cooling  system  with  other  hardware  (e.g.,  with  power 
generation  units) 
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